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I. INTRODUCTION 


This report encompasses a survey of current and under development 
methods of heat transfer in electronic equipment. The work has been 
accomplished as the initial phase of a research program directed to- 
ward the preparation of a heat transfer design manual to assist 
electronic engincers in the design of miniaturized equipment with 
satisfactory thermal performance. The scope of the originally 
planned survey was broadened due to recent advances in electronic 
cooling to inelude not only a bibliographical study, but also a 
thorough survey and inspection of techniques and methods now in use 
at prominent facilities throughout the nation. 


It has been necessary for electronic organizations to conduct indi- 
vidual investigations related to their thermal problems, an expen- 
sive means of self-education. In some cases the work has been 
duplicated because of security or "trade secret" restrictions. As 
a result of this situation and the void of electronic thermal 
knowledge, the U.S. Navy Bureau of Ships has sponsored the prepa~ 
ration of this report to disseminate the known thermal information. 


The rapid growth of the application of electronic equipments has 
exceeded the improvement of reliability of equipment performance, 
The maintenance problems resulting from reduced reliability are be- 
coming serious. A number of efforts recently directed towards re- 
liability improvement include ruggedized tube developments, plug in 
subassembly techniques, the application of improved high temperature 
parts, design derating of tubes and parts, isolation of sensitive 
components from environmental effects through hermetic sealing or 
plastic embedment, improved mechanical design to better withstand 
vibration and shock, and reduction of operating temperatures. One 
of the primary causes of poor reliability in current electronic 
equipment is inadequate heat removal. The improvements realized 
through a decrease in operating temperature will not be immediately 
apparent but will significantly increase the equipment life - 
especially that of the vacuum tubes. 


The importance of the thermal considerations cannot be over-— 
emphasized. it has been stated that the degree of success of 
future aircraft and missile developments is closely related to the 
satisfactory miniaturization of the electronic equipment involved. 
This in turn is directly related to the effectiveness of the 
methods of heat removal. 


Miniaturization, with its small space factcr, leads to an increased 
concentration of thermal energy, since the total dissipated electrical 
power is usually as great, if not greater, than that of an equivalent 
equipment of conventional construction. The utilization of auxiliary 
cooling devices is frequently prohibited because of space factor 1e— 
quirements. In addition, miniaturized equipments are frequently 


required to operate in environments of high ambient temperature. 
Effective heat transfer is therefore of prime importance in obtain- 
ing satisfactory life, reliability and electronic performance in 
miniaturized equipment. 


Miniature electronic equipments of conventional construction with 
greater packaging densities thax) those currently in use can be pro~ 
duced, but these devices usually will have a short iife because of 
the resultant excessive temperatures. Even so, such equipments do 
not. operate at the power densities soon to be encountered. Power 
amplifier type subminiature tubes capable of delivering appreciable 
power output recently have been made available and there are under 
development even more powerful tubes. The utilization of these tubes 
with heat dissipations many times greater than those of the current 
types will. create an acute thermal problem. 


A number of organizations are at present concerned with the thermal 
considerations encountered in miniaturization. In some instames, 
serious equipment failures have occurred and redesigns are in work. 
Heat transfer specialists have recently been added to the technical 
staffs of organizations that have recognized the problem. 


Some of the direct effects of excessive temperatures in electronic 
equipments are: shortened tube life through loss of emission and 

the release of gas, electrolysis of the glass envelopes at the base, 
decomposition and dielectric failure of capacitors, resistors and 
insulating materials, instability and shifts of values, and oxidation. 
Hot spot temperatures as high as 00°C. can be obtained in miniaturized 
electronic equipments of haphazard thermal design. Such equipments 
can operate for only short periods of time prior to failure, since 
temperatures of the order of 85°C. are the upper limit for common 
electronic parts, other than tubes. The thermal design of electronic 
equipment has been, for the most part overlooked by many electronic 
engineers especially those engaged in miniaturization. The average 
electronic engineer is not well informed in thermal matters because 
such knowledge has not to date been necessary to his work. This 
program is intended to assist such engineers and to bridge the gap 
between applicable heat transfer theory and practice. Techniques 

and methods presently utilized in the fields of refrigeration, aircraft 
cooling, heating and ventilating, etc., are not commonly known by- 
electronic engineers and in many cases their application to electronics 
are considered an advancement of the art. 


This survey is not restricted exclusively to miniaturized equipment, 
Because of special heat removal methods utilized, conventional equip—- 
ments were also included. 


A minimum of definite design data is presented in this report. De- 
tailed design parameters, photographs, curves, etc., are to be pre~ 
sented later in the Design Manual. 


Heating at low temperature is not discussed in this report. The in- 
jection of heat into electronic equipment is not considered to be 
directly related to heat removal. Specific thermal data is not 
generally listed in so much as definite conclusions have not been made 
due to differences in measurement techniques, configurations, and 
other variables. Also, the cooling may be adequate in one instance, 
but not in another, depending upon the delineation of the performance 
requirements. The discussion section of this report is related only 
to steady state heat transfer at equilibrium. Thermal inertia and 
transient thermal data have not been considered. 


A bibliography and cross index of reference numbers related to this 
bibliography is presented for those who wish further information re- 
lative to the design details of particular systems and equipments. 
This information can be obtained from the sources listed. The bibli- 
ography associated with this report contains only those references 
pertinent to the contents. A complete bibliography for this program 
has been listed in current interim reports. Since this report is 
restricted, it has been necessary for security reasons to omit some 
source information and to publish a Supplemental Classified Survey 
Bibliography, C.A.L. Report HF-710D-10A. The discussion of this 
report has been coded to provide a means of cross reference to the 
Bibliography. Plain numbers refer to data obtained from contributors 
listed in Appendix I, while numbers preceded by the letter 'B' refer 
to literature presented in the Bibliography Appendix II. Classified 
publications are followed by the letter 'R! or 'C!, 


Ohio State Wniversity Research Foundation is engaged in an "Investi- 
gation of Methods for the Cooling of Electronic Equipment in General", 
sponsored by the U.S. Air Force. The 0.S.U. program is primarily 
concerned with the cooling of airborne electronic equipment of all 
sizes, whereas this program is specializing in the cooling (and heating) 
of miniaturized electronic equipment for all military applications. 

The accomplishments of @.5.U. in this new field of electronics have 
been excellent and these contributions constitute a noteworthy advance~ 
ment of the art. 


It was necessary to conduct this Sarvey in order to establish a firm 
foundation for the second phase of this program. A comprehensive 
bibliographical search to obtain electronic heat transfer data was 
conducted by the technical library of this Laboratory. Pertinent 
text books, papers, reports and publications were studied. It was 
apparent that additional specific thermal information could be 
obtained from organizations throughout the Nation active in this 
field. A form—-type questionnaire was prepared and forwarded to one 
hundred and seven prominent electronic organizations. The replies 
were screened and those organizations which could contribute useful 
thermal data were visited by representatives of this Laboratory. 
Most of the selected organizations were, in all respects, very co- 
operative. 


This Laboratory cannot assume responsibility for performance claims 
obtained from Survey sources. It is anticipated that the second phase 
of this program will include the evaluation and the determimation of 
the effectiveness of various heat transfer methods. 


II. SUMMARY 


The power densities and ambient temperatures encountered in current 
miniaturized electronic equipment exceed those of conventional equip- 
ment, and special methods of heat removal are in use. The heat trans- 
fer techniques presently applied are in an early stage of development 
and the thermal findings of several organizations differ from those 

of others. Some confusion and disagreement has naturally followed. 
This is a healthy condition and the recognition of the importance of 
adequate heat removal by the electronics industry will aid in the 
ultimate alleviation of this problem. 


Because of a void of heat transfer design criteria, electronic 
engineers have been severely handicapped in developing miniaturized 
electronic equipment with the desired thermal performance. Specific 
parameters and methods of accurately determining the thermal designs 
are rarely know. Most of the successfully miniaturized equipments 
are the result of a series of "cut and try" experiments and compro- 
mises devoted exclusively to the particular configuration involved. 
Only a few electronic organizations have a well defined approach to 
their thermal problems. It is realized that long life reliable m- 
niaturized electronic equipments are new to the electronics art and 
it is not abnormal, therefore, to find that the heat transfer con- 
cepts associated with this new field are undergoing evolution. 

Only recently has the need for designed heat removal been recognized 
by electronic organizations. Heat transfer specialists recently 
added to engineering staffs were frequently at a disadvantage, since 
they were consulted only after thermal difficulties were encountered, 
rather than during the basic design phase. 


The primary heat transfer problem in electronics is the removal of 
internally developed heat through a reduction of the thermal impedance 
between heat sources and the ultimate sink. A low impedance thermal 
path will reduce the temperature rise of heat producing electronic 
parts. Electronic heat removal can be divided into three phases: 

the removal of heat from the source, the intermediate phase of 
transferring the heat along the thermal buss to the ultimate sink and 
the dissipation of the heat at the ultimate sink. 


It is necessary that the electronic designers and the manufacturers 

of electronic parts cooperate in soiving the problems of the first 
phase. New concepts are in order, since electronic parts are designed 
and rated only for natural cooling in air at sea level pressures. 
Operation of electronic parts in low pressure environments will require 
extensive thermal derating and conversely, increased ratings can be 
applied in liquid environments. Also, parts with increased power dissi- 
pations will be ultimately required. Little is known of these mtters, 
especially in terms of life and reliability. 


This heat transfer program is mainly concerned with the intermediate 
phase design problems involved in transferring heat from the source 
to the ultimate sink. Two basic approaches to this phase are in 
current uses 


The "brute force" approach, wherein high temperature electronic parts 
are utilized without special cooling means, has frequently found 
application in miniaturized electronic equipment. High temperature 
electronic parts, currently available in limited quantities have been 
satisfactorily utilized for this purpose. These parts are particularly 
suited to equipments operating at ambient temperatures of the order 

of 100°C. 


The designed approach embodies the most practical and effective methods 
of heat removal. This technique requires careful design of the entire 
heat transfer system and the establishment of controlled thermal gra- 
dients. Some organizations have achieved excellent results after ex~ 
tensive investigation and analysis. 


The dissipation of heat at the ultimate sink requires the transfer of 
heat into the earth's atmosphere. Some excellent progress in this 
phase has been accomplished by the Ohio State University Research 
Foundation. 


The phases of heat removal are inter-related. The method of ultimate 
heat dissipation depends somewhat on the type of intermediate heat 
transfer provided and for a complete heat removal system, all three 
cooling phases mist be considered. 


Vacuum tubes, resistors, and reactors are the principal sources of 
heat in electronic equipment. The vacuum tubes are usually the pri- 
mary heat sources and most subject to failure. Their overall effi- 
ciency is low and a large percentage of the total input power is con- 
verted into heat. Vacuum tubes are fundamentally variable resistors 
and it appears that little can be accomplished in improving their 
efficiency. In some instances, magnetic amplifiers or similar types 
of variable reactors have been utilized, since such devices exhibit 
higher efficiencies. The n-p=n transistor also shows promise and 
apparently will be ultimately used in many applications in place of 
vacuum tubes. 


Hermetic sealing of miniaturized electronic assemblies and sub- 
assemblies to eliminate the deleterious effects of corrosion and 
moisture has found wide acceptance in England. Electronic organi- 
zations in the United States are slowly acknowledging the advantages 
of this treatment. In miniaturized electronic equipments with parts 
operating in the neighborhood of 200°C. oxidation becomes serious. 
Many parts are provided with protective films and coating to alle- 
viate this condition. These films are easily damaged, however, and 


their failure frequently leads to decreased reliability. In some 
instances, the failure of electronic parts was believed to be caused 
by corrosion or excessive temperature or combination thereof. The 
intimate relation betiveen these failure types has not been completely 
recognized by industry. 


Many electronic engineers tend to apply the marginal design practices 
common to the domestic television and radio receiver industry in the 
design of miniaturized electronic equipment for military usage. The 
operation of electronic parts near their maximum power ratings has 
increased the need for improved heat transfer and reliability. In 
addition, high transconductance pentodes with large heater powers are 
frequently used in circuits wherein low transconductance pentodes 
with approximately one-half the heater power could be utilized, if 
available. 


Temperature measuring techniques differ widely. In some instances 
oversize thermocouple leads were removing heat from the equipment. 
Careless measuring techniques contribute to many of the divergent 
thermal findings. It is apparent that some standardization of pro- 
cedure in temperature determination is in order. 


Natural methods of heat removal have been suitable for miniaturized 
electronic assemblies in free air with power densities smaller than 
e5 watts per sq.in. of cooling surface. High conductivity thermal 
paths of metal are necessary when the power dissipation exceeds .25 
watts per sqein. Plastic embedment, especially of vacuum tubes, has 
been found to be applicable to miniaturized equipments of low power 
densities. The poor conductivity and other thermal properties of the 
plastics are not compatible with high power densities, especially 
when subjected to continuous duty service. Convection cooling of 
heat sources in miniaturized electronic equipment has been provided 
by some organizations. However, the general trend is toward higher 
power densities which require the utilization of other cooling 
methods. Radiation cooling has not been employed as a primary means 
of heat removal. 


Forced air cooling is frequently used in miniaturized and conventional 
electronic equipment. Special air-to-air heat exchangers with forced 
circulation have been developed for airborne electronic assemblies. 
Turbulent air cooling has been applied in devices of higher power 
densities. 


Liquid cooling has found acceptance for heat removal in several mini~ 
aturized equipments. Direct or indirect liquid cooling can be pro- 
vided dependent upon the compatibility of the coolant with the electro- 
nic parts and circuit performance. Efficient heat transfer in high 
power density devices has been achieved with silicone fluids, petro- 
leum base oils, and water. 


Vaporization cooling of miniaturized electronic equipment can be 
accomplished by direct, indirect, expendable or non~expendable 
cooling systems. The absorption of the latent heat of vaporiza- 
tion of the coolant provides an efficient means of heat removal, 
especially in equipment of high power densities. 


The removal of heat from vacuum tubes has been achieved by many 
methods. However, improved means of cooling subminiature vacuum 
tubes, without the use of liquid or vaporization cooling, are 
required for equipments of medium power densities. The relation~ 
ship of life to vacuum tube temperature has been found to be of the 
utmost importance. 


The Hilsch-Vortex tube my, at some time in the future, be used as 
a cooling device on high speed aircraft. At present, experimental 
tubes exhibit refrigeration efficiencies of only 20 percent. 


Steam ejector cooling of miniaturized electronic equipments is feasible. 
Similar systems have been installed on railroad cars to provide air 
conditioning and refrigeration. 


In general, miniaturized electronic equipment can be successfully 
cooled utilizing the currently known techniques. However, due to 
the trend toward increased packaging densities in miniaturized 
electronic equipment, much remains to be accomplished to determine: 
the effects of adequate heat removal on reliability; improved heat 
removal methods, especially for vacuum tubes; design parameters to 
alleviate the tedious "cut and try" techniques; standard thermal 
measuring procedures, and the limitations of each method of heat 
renoval. In addition, electronic engineers must recognize the 
necessity for integrally designing heat removal systems into 
equipment and industry must provide improved electronic parts for 
operation in various environments. It is apparent, based upon 
present lmowledge, that future equipments of high packaging densi- 
ties will require liquid or vaporization cooling systems. 


III. 


A. 


PRESENT ELECTRONIC HEAT TRANSFER TECHNIQUES 
NATURAL METHODS 


Most conventional electronic equipments utilize natural heat transfer 
for cooling. Natural methods can be defined as those wherein heat 
transfer occurs without additional energy being supplied to acceler— 
ate the process. Conventional electronic parts including vacuum 
tubes, resistors, capacitors, reactors, etc., have been designed for 
natural cooling in a free air environment at pressures of the order 
of an atmosphere. The cooling (and heating) of conventional equip- 
ments utilizing these parts has heretofore been of minor importance 
except in precision laboratory instruments. The cooling achieved 
has been reasonably satisfactory since the power densities seldom 
exceeded 1/10 watt per square inch of cooling surface. 


Natural heat transfer methods have been found to be effective for 
miniaturized constructions wherein the packaging and power densi- 
ties are not large. The majority of current miniaturized electro- 
nic equipments are within this category. However, the present 
practices of electronic cooling by natural heat transfer methods 
are in need of improvement. With more efficient thermal designs, 
natural methods can be utilized for equipments of increased power 
densities. 


Conduction, convection and radiation cooling are of course always 
present in combination. Electronic equipments are usually designed 
so that one type will predominate. Conduction and convection cool- 
ing are most common. The thermal designs for natural cooling were, 
until recently, modifications which were incorporated into the equip- 
ment if hot spots were encountered. In miniaturized electronic 
assemblies some preliminary consideration has been given the thermal 
problem. Heat transfer by metallic conduction (excluding liquid 
conduction cooling, discussed later in the report) to a thermal sink 
is widely used. 


1. Heat Transfer by Metallic Conduction 


To efficiently remove heat by metallic conduction it has been found 
necessary to design electronic packages with low impedance thermal 
paths from the vacuum tubes to the case and to provide heavy case 
walls with a uniform path of low thermal impedance on the surface. 
Equipments with one-quarter inch thick aluminum cases, drilled 
solid metal blocks containing the vacuum tubes and good thermal 
bonds to the external surface have obtained power dissipations 

of the order of 0.5 watts per square inch of cooling surface in 
free air. With this type of construction, the hot spots were 

10° to 15°C. cooler than those of corresponding light metal case 
construction. The cooler parts were also increased in temperature 
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so that a more uniform temperature distribution existed throughout 
the entire equipment.1 


It has been recommended that when neither lower ambients nor 
thermal ground points are available nearby, it may be useful to 
design miniaturized equipment entirely of unit assemblies from 
which the heat can be conducted along solid rogs 3 a collection 


° 


center where it may be removed by other means. 


A unique power supply package design has been developed, dissi- 
pating two hundred watts with a temperature differential of only 
15°C. between the hot spots and the surface of the case./ This 
was accomplished by constructing the end plates and partitions 
of the power supply of one quarter inch thick aluminum plate and 
connecting all heat sources to the plate with a low impedance 
thermal bond. Since the internal ambient temperatures of the 
power supply ranged between 100°C. and 115°C., high temperature 
materials were utilized for the reactors. 


A series of subminiature amplifiers for operation in ambient 
temperatures of from -lO°C. to +110°C. with power densities as 
great as .3 watts per square inch are under development. The 
first models were plastic encapsulated with a resultant low 
thermal conductivity. It was found that tube envelope temper- 
atures exceeded the rated values. Several methods of conducting 
the heat to the outside of the plastic were investigated. Since 
none of the redesigned configurations resulted in any particular 
degree of success, the plastic encapsulation method of construc- 
tion was rejected. Solid brass shields in direct contact with 
the tubes were then utilized. The improvement in the cooling 
was excellent and electroformed metal tube covers were later 
developed for the amplifiers. A further reduction in temper- 
ature was achieved and the technique was extended to include an 
aluminum investment casting in two halves enclosing the complete 
subassembly. Hach subminiature tube is wrapped with aluminum foil. 
The current design includes a three stage amplifier mounted on a 
quarter inch aluminum plate.20 


A vacuum tube manufacturer has performed extensive work in the 
field of isolating heat sources in electronic equipment and dis— 
posing of the heat by conduction.30 & More complete coverage 
of this work is presented in Section Ff, titled, "Methods of 
Cooling Vacuum Tubes", 


An airborne receiver with an exceptionally low thermal impedance 
also provides a good example of conduction cooling. Buffed 2ST 
aluminum .18 inch thick "T" sections 1.5 inches wide at the base, 
3.5 inches high and 13 inches long form the chassis. Subminiature 
tubes are firmly mounted with .25 inch thick split aluminum "pillow 
blocks" at each end of internally blackened tube shields.11 
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Approximately twelve to sixteen tubes are widely mounted on the 
chassis to provide accessibility. The aluminum is buffed and 
polished while the inside of the cover is coated with black 
wrinkle enamel. 


Another unit of miniaturized equipment which is designed for 
conduction Colne is contained ina 9 x 10.5 x 10.5 inch 
aluminum package. 8 The components are suspended from a top 
cover painted black on the inside and dull grey on the outside. 
It is anticipated that natural means will be adequate to dissi- 
pate 95 watts in this package with 0.17 watts/square inch of 
cooling surface. A similar package is designed to mount the 
tubes in solid aiuminum blocks fastened directly to the inside 
surface of the .25 inch thick aluminum case. Component parts 
are mounted on other inside surfaces of the case away from the 
heat of the tubes. Extensive tube cooling tests and temperature 
measurements show that thick walled packages provide 17°C. lower 
temperatures at the hot spots than a thin-walled aluminum case 
of .06 inch wall thickness. 


The reduction of the vacuum tube temperature in IF Amplifiers 
originally developed by the Bureau of Standards has been 
accomplished through the use of metal sleeves. The early 
models utilized cylindrical ceramic tube shields with surface 
attached parts. Since the ceramic shields were known to be poor 
thermal conductors, it was believed that the temperature of the 
tubes could be reduced by inserting metal sleeves, welded to the 
metal case, between the ceramic shields and the tubes. 


The following temperatures were achieved: 
Bureau of Standards prototype - - hot spot tube temp. 180°C. 
Model with .010 inch brass sleeve — ~ hot spot tube temp. 150°C. 
Model with .006 inch brass sleeve - - hot spot tube temp. 165°C, 


Due to production tolerances of the vacuum tubes .006 inch sleev-— 
ing was found to be the optimum physical size. 


The external dimensions of the metal case of the IF Amplifier sub- 
assemblies are .75 x 2.06 x 6.06 inches. Included therein are a 
duodiode and nine type 580 subminiature tubes. 


The packaging density and power densities follow: 


Total area Approx. 36 sq.in. 
Total input power Approx. 22 watts 

or approx. -6 watts per sq.in. of cooling surface 
Packaging density e9 cu.in. per tube 


This is the most compact packaging encountered during the survey. 
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Low melting temperature bismth alloys obtained from Cerro De Pasco 
Copper Corp., 40 Wall Street, New York, N.Y., were employed to en- 

capsulate subminiature tubes in metal tube blocks. The alloys be- 

came liquified at the equilibrium temperature of the tubes and fur- 
nished a low thermal impedance between the tubes and the block. 

The alloy surfaces exposed to the atmosphere were cool and remained 
solid to provide a seal. "0" Rings were also provided for sealing 

with lower temperature alloys. This novel cooling scheme was abon- 
doned, however, since the tubes operated only 6 to 8°C. cooler than 
with silicone jell. 


Three types of subminiature subassemblies for continuous duty at 

100°C. ambient have been developed.8 A high conductivity thermal 

path is provided by special beryllium copper tube shields fastened 

to a .031 inch thick copper subchassis spring loaded to contact *» 
e031. inch thick copper outer cases. Copper sink "blocks" with com= . 
bination thermal, electrical, and mounting connectors are attached 

to one end of the outer cases to permit conduction to an ultimate 

sink. The greatest rise above ambient is approximately 75°C. at 

the base of a subminiature tube dissipating 5.5 watts. The average 

rise above anbient for most of the tubes is of the order of )0°C. 

Capacitors, resistors and reactors utilized in these equipments are 

designed for operation at 200°C. It is claimed that several of the 
subassemblies will function at ambient temperatures as high as 150°C, 

A power supply subassembly with similar high temperature character- 

istics is under development. 


In general, the largest temperature gradient of importance in 
miniature electronic equipments exists between the vacuum tubes 
and their shields. In some instances, a large thermal gradient 
was observed between the subchassis and the thermal sink. 


a. Plastic Embednent 


Conduction cooling is also utilized with embedded electronic sub-— 
assemblies. The cooling provided by the plastic and by the wir- 
ing is considerably less than that provided by metallic conduc- 
tion.8, 10, 20 rt was stated by one of the contributors that 
plastic "had the same thermal conductivity as fire brick", A 
number of plastic embedded electronic subassemblies have utilized 
metallic conduction cooling. The tubes and other heat producing 
parts were mounted on .062 inch thick aluninn angles which 
formed a side and the bottom of the subassembly to provide 
connections to the thermal sink.2@3 Plastics with metal particles 
as a binder to increase the thermal conductivity have also been 
used. Copper thermal conductors embedded within the subassembly 
and connected to the thermal sink have found limited application. 
Measurements of the power dissipation and derating of embedded 
resistors are in progress at several organizations.3s5 A 
cluster of four type T~2 subminiature diodes were embedded in 
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NEL casting resin to form a cylinder .625" dia.e x 1.75" long. 
Difficulty has been experienced with cracked and overheated 
plastic at an input of 3 watts.tl A servo amplifier 2.5x1x 3 
in. with an input of 13 watts, has been embedded somewhat 
successfully utilizing aluminum particles in the resin.tl 


Heat Transfer by Convection 


Convection cooling has also been utilized as the primary cooling 
means in electronic equipment. Considerable heat removal usually 
takes place by natural convection, especially in equipment opera- 
ted at or near atmospheric pressure. In addition, vacuum tubes 

and resistors in conventional electronic equipment rely on natural 
convection currents of air for mich of their cooling. Vertical 
ducts have been provided to obtain a "chimney effect" flow of 
heated air. Convection cooled equipments usually have poor perforn- 
ance at altitude unless considerable tube and part derating has been 
applied. Vacuum tubes and parts with dissipations exceeding .5 
watts per sq.in. have required forced air cooling. Typical sub- 
miniature tubes operated in free air will achieve hot spot temper- 
atures approaching 200°C. 


Convection cooling of the ultimate sinks is common. Large surfaces 
are usually provided (See Section III-G of this Report). Convection 
cooling of ultimate sinks is not considered practical at altitudes 
of 30,000 feet or higher. 


Heat Transfer by Radiation 


Radiation cooling has not been used as the primary cooling means 

in electronic equipment because the temperature differentials and 
surfaces are usually too small for the radiation of large quantities 
of energy. Bilackening and/or polishing of cases, tube shields and 
parts is a compon peciacs to improve the emmissivity and/or re- 
flectivity.!» % 30 In marginal instances these techniques have 
improved the cooling sufficiently to provide satisfactory heat 
removal. Black wrinkle enamel has been found to be somewhat 
superior to other finishes. 


Reflective insulation has been utilized to obtain a designed thermal 
gradient in a high temperature subminiature subassembly currently 
under development .> Temperature sensitive circuits and parts are 
mounted in the lower section of the subassembly separated from the 
heat sources by insulation and polished chromium plated reflectors. 
Thermal gradients of the order of 60°C. have been achieved. 


An oscillator and power supply for a precision recording system 

is mounted on a chassis 8 x 5 x 13.5" and has an input power of 
250 watts.l0 Chrome plated reflector plates are provided adjacent 
to the hotter vacuum tubes to protect temperature sensitive cir- 
cuits. 
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A unique miniaturized equipment designed to utilize all types of 
natural cooling has been developed.? T-812 phenolic was fabri- 
cated into terminal strips and mounting boards for the tubes and 
components. Subminiature tubes were mounted towards the metal 

case in front of tiny windows provided in the phenolic for air 
circulation. Metal strips 1.5 inches wide were bonded (thermally) 
to the chassis and to the outside of the phenolic and included 
integrally formed tube shields. This configuration resulted in an 
excellent radiating surface. The tubes were mounted in the vertical 
plane to permit free flow of convection currents and louvers in the 
outside case were located opposite the tubes. Small holes were pro-- 
vided in the tube shields to permit direct radiation from the tubes. 


HIGH TEMPERATURE ELECTRONIC PARTS 


The "brute force" approach to the therml problem, wherein high temper- 
ature electronic parts are utilized without special cooling means, has 
found acceptance especially in subminiaturized equipments. This 
approach is not a complete solution to the thermal problem, but when 
used in conjunction with metallic conduction cooling, it is a practical 
means of achieving satisfactory performance in high temperature environ- 
ments. Conversely, when applied alone at lower ambient temperatures to 
alleviate the effect of "hot spots", it can be inherently inefficient 
and expensive. 


Several organizations have determined, after extensive thermal studies 
of small packages, that the optimum results were aghi eved with 150°C. 
parts and forced air cooling of the hot spots es 16, 19 ar high 
temperatures special protection of parts is necessary to prevent the 
corrosion and oxidation which can occur rapidly in free air. Evacu- 
ating, filling with inert gas, and hermetic sealing of the package 
have been found to be a practical means of alleviating this problen. 
The special high temperature electronic parts are relatively new to 
the field and it is welieved that a short discussion related to thetr 
thermal characteristics and the limitations of conventional electronic 
parts is in order. In general the special parts can withstand peak 
operating temperatures of approximtely 150 to 200 C. and exhibit 
characteristics superior to those of conventional electrenic parts. 


i. Fixed Capacitors 


a. The best paper dielectric capacitors have an upper temperature 

™ Jimit of 125°C. The possibility of extending their temperature 
range to 200°C, seems remote. Organic dielectrics (paper and 
petroleum o11) cannot remain stable at elevated temperatures. 

b. Conventional micadielectric capacitors are limited to peak 

temperatures of the order of 120°C. by their plastic cases. 

Mica is an excellent high temperature dielectric and uncased 

mica capacitors can be utilized for high tempcrature applications. 


Ge Barium titanate and similar high dielectric constant ceramic 
diclectric capacitors have poor temperature coefficients of 
capacitance (except low K capacitors) and upper temperature 
limits of the order of 85 to 100°C. At higher temperatures 
large departures from nominal values occur and the leakage 
resistance rapidly decreases. The ceramic body type K~1200 
shows promise for application at elevated temperatures, how- 
ever, the temperature coefficient of capacitance is large. 


d. Glass dielectric capacitors, manufactured by Corning Glass 
Works, exhibit excellent characteristics for service at 
200°C. The glass has a dielectric constant of the order of 
8.45 which is approximtely 55 percent greater than that of 
mica. This permits some reduction in space factor. The 
dissipation factor at 200°C, at 1.Mc is .O1) percent. The 
temperature coefficient is approximately +.025 percent per 
degree C. Capacitances ranging from a few uufd to .015 mfd. 
in a multiplicity of voltage ratings are available. 


e. Vitreous enamel dielectric capacitors produced by Vitramon, 
Inc. are rated for application at 200°C. The electrical 
characteristics are similar to mica capacitors. Values ranging 
from .5 to 1000 uvfd. nominally rated at 500 V.D.C. can be 
obtained. , 


£. Tantalum electrolytic capacitors manufactured by Mallory, Inc. 
are rated for continuous service at 200°C. These capacitors 
exhibit lower leakage currents, better low temperature perform- 
ance, reduced power factor and smaller space factors than con~- 
ventional electrolytics. The Mallory capacitors are totally 
hermetically sealed to prevent leakage of the electrolyte. 


A similar capacitor, manufactured by General Electric Company, 
is rated at 150°C. maximum temperature. 


ge duPont "V-Film" holds promise as a dielectric for a 200°C. 
capacitor to replace paper dielectric capacitors. Also under 
development for 200 C. service is a capacitor with a .0005 inch 
thick Teflon dielectric. The application of metalized coatings 
to high temperature plastic films is under investigation. 


2. Resistors 


a. Conventional wire wound vitreous resistors are satisfactory for 

™ high temperature service. Miniature wire wound resistors manu- 
factured by Painton & Coe, Ltd., Northampton, England, are very 
small and can be operated at temperatures as high as 00°C. 
"Dalohn" power resistors manufactured by Dale Products, Ince of 
Columbus, Nebraska, are also of interest. The resistor elements 
are housed in die-cast black anodized aluminum cases with ra~ 
diator fins. The cases are provided with mounting lugs for 
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direct attachment to sink plates. Available are 25 and 50 watt 
resistors with resistances to 55,000 ohms. 


Conventional composition carbon resistors have upper temperature 
limits of the order of 100°C, and are, therefore, not considered 
usable for high temperature service. 


Palladium film resistors, produced by Continental Carbon Co., 
are rated for utilization at 200°C. These resistors exhibit 
low noise, a temperature coefficient of +.035 percent per °C., 
and excellent load characteristics. The normal tolerances are 
+1 or +5 percent. 


The mniature carbon composition resistor, manufactured by the 
Globar Division of the Carborundum Corporation, is one of the 
smallest commercially available resistors. The external dimen- 
sions are .25in. x .06 in. dia. It is rated for application 
at 150°C, maximum. 


Several brands of printed resistors are rated for high temper— 
ature service. In general, printed resistors have a higher 
temperature coefficient of resistance than compositior carbon 
resistors, wide production tolerances and inferior life 
characteristics. The art of printing resistcrs is relatively 
new and will ultimately be improved. 


A tape type resistor recently developed is rated for service at 
185°C 21 


A number of types of cracked carbon and borocarbon resistors, 
which are rated for high temperature duty, have been developed 
recently. The characteristics of these resistors usually fall. 
between those of composition carbon and the palladium film 
types e 


Of interest is a carbon film resistor capable of operation at 
200°C. for 1000 hours with only 2 percent change in resistance. 
A 10 to 12 percent change in resistance has been observed dwring 
temperature cycling from -60 to +200°C. The stability after 
cycling is within 1 or 2 percent. A protective covering was 
necessary to overcome oxidation at temperatures exceeding 60°C. 
Production techniques for fabricating carbofilm resistors to 

1 percent tolerances are known. It is planned to develop mini- 
ature and subminiature types in the near future. 


Promising progress has been achieved in the development of a 
similar resistor with an improved temperature coefficient of 
resistance and reduced oxidation tendencies .¢ 


A miniatwre carbon potentiometer with an upper temperature limit 


of 150°C. is manufactured by the Chicago Telephone end Supply 
Corporation. 
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3. Conductors 


a. An assortment of printed, fired, etched and stamped metal con- 
ductors are available for high temperature service. Silver and 
copper are commonly utilized as the conducting metals. The 
temperature is limited by the bonding adhesives and the base 
material to which the metal conductors are attached. 


be. Since the peak operating temperatures in miniaturized electronic 
equipments approach the softening temperature of conventional 
solder, high temperature solders containing a small percentage 
of silver are generally used. 


c, Ceroc and Ceroc T (Teflon) magnet wires have excellent character- 
istics for high temperature service and have found wide acceptance 
throughout industry. 


Silicone enamel magnet wires are not often used for 200°C. service 
because the softening of the enamel at high temperatures frequently 
leads into turn to turn short circuits in reactor windings. 


Glasscovered magnet wire has found limited application in high 
temperature reactors. 


Teflon covered and silicone impregnated Fiberglas covered 
stranded wire is commonly utilized for 200°C. service. 


le Reactors 


Class H (150°C.) reactors have recently been made commercially avail- 
able in limited quantities. A comprehensive service life record of 
the performance of these reactors has not been compiled to date. 


In reactors, miniaturization and high temperature operation are not 
compatible. Since magnetic core materials saturate readily at high 
temperatures, it is usually necessary to increase core size for 
high temperature operation. Also, high temperature insulations are 
thicker ‘than those used at lower temperatures. For these reasons, 
miniaturized high temperature reactors can easily approach the size 
of their conventional counterparts. 


Power supplies utilizing Class H reactors frequently exhibit inferior 
regulation characteristics. The conductor current densities are 
increased in the interest of miniaturization and the I¢R losses are 
greater due to the wider range of operating temperature. 


Until recently, means of internally cooling electronic reactors were 

not known. The winding and insulation densities would not permit 

the penetration of coolants to the internal hot spots. The insertion 
of metallic thermal conductors into the hot spots was considered and 
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rejected by many manufacturers because of the resultant increased 
size and general impracticability. However, ons organization has 


successfully miniaturized and cooled reactor by this method .25 


A technique of photo etching reactor conductors on thin flexible 
plastic sheets, assembling, and spot welding the sheets to form 
pie wound" windings has been developed by Technography Printed 
Circuits Company of Tarrytown, New York. With this method the 
cross sectional area of the internal conductors can be printed 
larger than that of those near the surface to provide a means of 
alleviating hot spots. Also, cooling conductors can be in- 
tegrally printed to permit conduction cooling of the internal 
hot spots. It is claimed that reactor windings can be fabricated 
more economically with this technique than with conventional 
winding methods. 


Wat 
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Subminiature Vacuum Tubes 


Ruggedized premium subminiature tubes are commercially available 
from several tube mamfacturers. Most of these are the end products 
of research and development programs sponsored by the Armed Services. 
Electrical equivalents of many standard GT and miniature tube types 
are being produced. 


The premium tubes are rated at 80% minimum average life for 5000 
hours at 30°C. ambient temperature. Reasonable life expectancies 
can be achieved if the hot spot envelope temperatures are limited 
to 175°C. At the absolute maximum temperature (250°C.), the tube 
life is considerably reduced. Further thermal data related to 
these tubes is presented under item 7 of this section and in 
Section III-F of this report, "Methods of Cooling Vacuum Tubes". 


Additional tube types are under development. and production faci- 
lities are being rapidly expanded. 
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Other Materials and Miscellaneous Parts 


Silicone and Teflon impregnated Fiberglas laminates are acceptable 

for 200°C. service. Separation of printed conductors from bases 

of silicone laminates has occurred at elevated temperatures due to 

tue softening of the resin. Asbestos filled bakelite, when pro- é ) 
tected from the atmosphere, is usable to 200°C. The electrical = 
characteristics at elevated temperatures are poor. The filler : 

helps ruggedize the plastic but does not provide a hermetic seal 


Johns-Manville asbestos insulating sheet, "Quinterra", has been 


frequently employed in winding high temperature reactors. The 
power factor at 60 cycles ranges from 25 to 30 percent. 
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Teflon has excellent thermal and electrical characteristics, but 
it is at present somewhat difficult to utilize. Miniature tube 
sockets and hermetic seals of Teflon are available from The U.S. 
Gasket Company. Gare must be exercized in exposing Teflon to 
extreme temperatures, since highly toxic fluorine gas is released. 


A satisfactory embedding plastic for high temperature subassemblies 
has not, to date, been developed. High quality potting materials 
currently avai tats have absolute upper temperature limits of 175°C. 
for short periods.” Stypole resin has be~™m s mgceses tly utilized 
for connectors operating at high temperatures.’ At present, it can 
be used as an embedding material for only small ata not complete 
subassemblies. 


Kovar and Fusite hermetically sealed plugs are excellent for 200°C. 
applications. 


Almost all fired electrical ceramics are satisfactory for high 
temperature utilization. Steatites have been frequently fabri- 
cated into baseplates for high temperature printed conductors. 
Stupalith exhibits promising characteristics, The electrical 
parameters are excellent and the coefficient of thermal expansion 
is almost nil. In general, all ceramics are fragile and, there- 
fore, require special mechanical consideration. 


Winchester melamine connectors have been converted to hermetically 
sealed connectors by encapsulating the male pins with Stypole. 
Satisfactory operation for several hundred hours at 200°C. has been 
achieved.th A disk type semi-conductor rectifier for operation from 
-60 to 2000C. is under development.2 


P.Re Mallory and Company is planning to produce a hermetically 
sealed magnesium copper sulfide rectifier rated from -70 to 200°C. 


Thermal Derating of Electronic Parts 


It is recognized throughout industry that thermal derating of 
electronic parts is necessary for high temperature service. A 
mumber of marmfacturers have eStablished derating "bench marks" 
for particular parts. However, little is known in.these matters 
of the characteristics of the majority of electronic parts, 
especially in terms of long life and reliability. 


Many clectronic engineers, engaged in the design of military equip- 

ment, unconsciously apply the marginal ratings that are common 

practice in the design of comestic television and radio receivers. 

Equipment so designed frequently has short life and poor reliability. 

In addition, engineers, anxious to obtain the maximum gain or output 
3 i) ) 

per stage, design circuits wherein the vacuum tubes are operated 
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near or at their macirium ratings » This concept is not compatible 
with long life, reliability, or good thermal practice. 


Examples of the marginal ratings currently in use in the United 


States compared to the conservative British ratings is exemplified 
by the resistor ratings published by Painton, Ltd. 


Type Length MaxDia. British Rating Nominal U.S. Equivalent 


72 oot ol 56" 1/8 Watt Greater than 1/4 Watt 
73 el" = 21.91 / Watt Greater than 1/2 Watt 
Th 1.06" 219% 1/é Watt Approximately 1 Watt 
15 1.38" .3hh" 1 Watt Greater than 1 Watt 
76 2.06" 3h)" 2 Watts 2 Watts and over 


Ratings for liquid and forced air cooling of resistors are also 
published by Painton. 


Thermal derating of vacuum tubes is discussed in Section ITI-F 
of this report. 


C. FORCED ATR COOLING 


i. 


In recent years, several manufacturers have expended considerable 
effort toward increasing the efficiency of "forced air" cooling of 
electronic equipment. Current advances include the development 

of cooling ducts, turbulent air cooling, and air-to-air heat 
exchangers. Forced air is usually directed to the heat sources by 
means of ducts and baffles. In several instances, forced air 
cooling was utilized to supplement convection cooling when "hot 
spots" were encountered. 


Air to Air Heat Exchangers 


One of the primary difficulties encountered with forced air cooling 
is related to the variation of the density of air with altitude. 

At high altitudes the rarefied atmosphere loses mch of its cooling 
capacity, and electrical insulation fails through corona formation. 
One solution is the utilization of an "air to air" heat: exchanger 
case in which the electronic equipment.is hermetically sealed at a 
pressure of one atmosphere. An internal fan usually transfers the 
heat from the source to the heat exchanger jacket, which also serves 
as tne case. while an external fan draws the ambient air across the 
outside of the case to cool the heat exchanger (See Figs 1). At 
least six organizations have developed air to air" heat exchangers 
of this type. 


The exchangers are of many configurations and capacitiese The most 


successful units were cylindrical tanks with convex dished heads. 
It was necessary to design the electronic equipment in special 


20 


2 


I2 


INTERNAL BLOWER WARM INTERNAL Ale __INLET FoR cool 
DOUBLE JACK ET -— ELECTRONIC EXTERNAL Alke 
EXTERNAL Alr- EQUIPMENT HERMETIC SEAL 
INTERNAL All. AT [ 


OWNWE ATMOSPHERE 


a | a 
} \ / 
a [/ COOL InT 
ERNAL Al 
Peal 
a 


OUTLETS EXTERNAL BLOWER 


FOR. WARM Exe 
TERNAL A/R 
TYPICAL AIRBORNE A/R TO AlR HEAT EXCHANGER 


FIGURE 


shapes to fit inside the cases. It was found that hish strength. 
material was required for the heat exchanger cases in order to 
withstand the pressure differentials. A method has been developed 
for fastening circular parts together with a pressure tight sea] 
when either thick or seft aluminum sheet stock is used for caon- 
struction of the case. 


Some of the characteristics of a typical "air to air" heat exchanger 
case oe a to remove 1060 watts from electronic equipment are 
listed.% The case was of a eylindrical shape with outside dimensions 
of 20 inches in diameter and 30 inches in length. The double jacketed 
heat exchanger included finned aluminum radiator cores which also 
formed part of the case. The outside air was forced through the 
external core in one direction while the internal air was dram 
through the internal core in the opposite direction. 


At sea level, atmospheric pressure, 55°C. ambient air temperature, 
and a dissipated power of 1060 watts, the temperature at the entrance 
of the inside heat exchanger was 77°C. while the highest temperature 
of air discharged from the tubes was 111.5°C. 


At an altitude of 50,000 feet and an ambient temperature of 31°C., 

the highest temperature at the entrance of the inside heat exchanger 
was 7390. When the inside air was evacuated to an equivalent pressure 
altitude of 10,000 feet, the inside heat exchanger entrance temper- 
ature was 79.6°C. 


Another case, similar to the above, with an outside diameter of 18 in. 
and an overall length of 26 in. was developed to dissipate 650 watts 
intermittently and 200 watts continuously. With both external and in- 
ternal fans in operation, the equipment operated so cool that it was 
decided to use an internal thermostat to control the outside fan 
motor « 


An “air to air" heat exchanger case has been constructed in the form 
of a cylinder 19" in diameter and 21" high.¢? The external air 
entered a plenwn chamber at the bottom of the cylinder and was passed 
through twenty-four .5 inch diameter tubes which serve as heat ex- 
changers to the inside of the case. External air is supplied to the 
plenum chamber by the airframe manufacturer, At 30°C. ambient 
temperature, ¢ea level pressure and with a heat input of 780 watts, 
2a 250 G. rise above ambient at the hot spot and a 13°C. rise at the 
cold spot were observed, These tests were performed with air cir-—- 
culating through the heat exchanger case at 133 CFM and with a 
static pressure at the entrance of the case of 0.066 in. Ho0. The 
temperature of the exhaust air from the case was 15°C. above its 
entrance temperature. 


Hermetically sealed air to air heat exchangers in oblong shaped 


packages have also been developed.? Two current pressurized units 
dissipate 175 watts and 145 watts respectively. 
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A special high altitude heat exchanger dissipating approximately 
e75 KW has been developed by an aircraft manufacturer 11 

Flattened tubes, for pressurized internal air and atmospheric 
external air, are arranged around the periphery of the 30 in. 
diameter by 36 in. long cylindrical body. The dished heads at 

the ends of the exchanger are extremely complex magnesium castings, 
incorporating pressure seals, electrical connectors, etc. 


An air to air heat exchanger to dissipate 1000 watts in a pressu- 
rized case 20 in. in diameter and 29 in. high is under development. 
Thermal evaluation has been initiated utilizing an external fan with 
a 3-13/16 inch diameter Torrington wheel operated at 9000 RPM at 

sea level and 12,000 RPM at 60,000 feet. 


Several electronic organizations have produced airborne electronic 
equipment without incorporating any integral cooling equipment. 
The airframe manufacturers have promised to provide the required 
cooling air at the necessary temperature to cool the electronic 
equipment. 


One equipment is to be cooled by cabin exhaust air which will enter 
the case at 30°C. or ia at a density not less than that equi- 
valent to 30,000 feet. 


Another equipment under development dissipates 00 watts in a case 
designed for forced air cooling.’ The airframe manufacturer is 
required to supply the desired airflow for cooling the equipment. 
To insure proper cooling, the first seven models of this equipment 
incorporated thermocouples attached to the hot spots so that the 
operating temperatures could be externally monitored until the 
cooling air was properly adjusted. 


In an airborne electronic equipment which has been recently mini- 
aturized, the synchronizer was reduced to a package 2 x 9 x 1; in. 
Eight plug-in subassemblies, with a total of approximately 70 sub- 
miniature tubes, a blower, a 300 watt heater, and blower controls 
are included in this unit. Approximately 300 watts of input power 
are required for its electronic operation. Printed conductors on 
laminated phenolic plates, with conventional resistors, and capa- 
citors, are utilized. Due to the temperature sensitivity of 
several critical "RC" circuits, it has been necessary to accele- 
rate the normal "warm-up" with a heater and recirculate internal 
air with a blower. After the required temperature is achieved, 
the heater is disconnected and the blower, by means of an electric-— 
ally operated shutter, circulates external air through the assembly. 
It is necessary to maintain the exhaust air temperature at 55°C. 
plus or minus 5°C. 


16 


23 


3. 


Blowers 


A radiator manufacturer initiated the development of a prime 
cooler in the form of a blower which would deliver a constant 
mass of air rather than a constant volume. Since conventional 
blowers become ineffective at 30,000 feet altitude, such a 
blower might extend the service ceiling of aircraft from 30,000 
to 50,000 feet, The design problems of such a blower have 
been explored. “4 This project was discontinued but may be re- 
initiated in the future. 


A miniaturized spot blower for cooling hot spots is under develop- 
ment by Fairchild Camera and Instrument Corporation. The total 
volume occupied by the blower is not to exceed 2.5 cubic inches, 

of which 2 cubic inches is for the motor-blower and 0.5 cubic 
inches for the motor capacitor. The motor is to develop 1.75 watts 
output at 24,000 rpm when operating from 115 volts, 00 cps, single 
phase, and the impeller is to deliver 10 CFM of free air at 25°C. 
This blower is to be a completely integrated unit which will operate 
in 200°C. ambient temperatures. Delivery of the first prototype 

is planned for the immediate future. 


Turbulent Air Cooling 


Increased air cooling efficiencies can be obtained by the utili- 
zation of turbulent air techniques. This cooling method is con- 
sidered by some organizations to be a new advancement. The appli- 
cation of these techniques to electronics is new; however, tur~ 
bulent air cooling has been used by the aircraft and automotive 
industries for many years. 


The principal function of the turbulent:air technique is to reduce 
the stagnant boundary layer or air film which constitutes the re- 
sistance to heat, mass, and momentum transfer through the applica- 
tion of high velocity cooling air. It has been found that the 
stagnant layer can be greatly reduced by turbulence. The thick- 
ness of the stagnant layer is a function of the Reynolds nunber,* 
the diameter of the duct, and a dimensionless coefficient usually 
referred to as the Prandtl or Schmidt number. In general, not 
mach can be accomplished practically to modify the Prandtl number. 


— — em le 


* A non-dimensional term involving the essential parameters of the 
flow; namely —velocity, density, viscosity, and physical dimension: 
in the direction of flow which provides an index of the nature 
of the flow, whether uniform or non-uniform and the degree 
thereof. 
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The parameters which can be freely varied are the Reynolds mumber 
and the diameter. By increasing the Reynolds number and decreasing 
the diameter, conditions can be modified so that the stagnant layer 
thickness is considerably reduced. As a result, under favorable 
conditions, heat transfer, momentum transfer, and mass transfer can 
be increased by a factor of 10 to 100 within practical design 
limitations. Theoretically, the.heat, momentum, and mass transfer 
can be increased to values approaching molecular speeds but the 
design problems would mount very rapidly as the velocity of the 
fluid is increased above the speed of sound,B-363 


The high Reynolds number combined with small diameters usually 
requires the high velocity movement of gases or liquids which, 
in turn, necessitates that a considerable amount of power be 
expended into the pump or compressor.2- 


Some of the advantages of the turbulent fluid techniques are: 


a. It is possible to achieve mass transfer at either reduced volume 
or at lower temperatures than under stagnant condttions. 


b. With equal temperature and volumetric considerations a gain in 
the speed of mass transfer can be obtained. 


c. The turbulent fluid techniques combined with high temperature 
and high concentration gradients across the stagnant layer can 
permit an increase in speed of operation by a factor as great 
as one hundred. This may lead to the development of new fields 
in drying, depositing of chemicals, painting, paint removing, 
etc. 


The disadvantages of turbulent fluid techniques are: 
a. The turbulent fluid technique inherently introduces an ir- 


reversible process leading to a limitation in the efficiency 
of the systen. 
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If temperature limitations are not involved in the process, 
the turbulent techniques will in general offer no advantage 
since the same mass, heat or momentum transfer can usually 
be obtained by increasing temperatures and concentrations in 
the stagnant processes. Under such conditions the extra 
expenditure of equipment for turbulent motion may not be eco— 
nomical, 


Applications of Turbulent Air Techniques 
The turbulent fluid technique can best be applied where there is 


either a limitation as to the naxtmum temperature that can be 
employed; a limitation as to the maximm time during which an 
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operation can take places; or if there is a limitation on the maxi- 
mum surface area which is available for heat transfer. Because 

of the inefficiencies of ordinary methods of stagnant transfer and 
the large conduction and rapid radiation losses incurred in stag- 
nant processes, the turbulent techniques so far used compare favor— 
ably with the commercial stagnant drying techniques utilized ina 
nuwaber of industries. 


It should be realized that whereas the efficiency of the turbulent 
technique is limited by the power which must be wasted for the 
destruction of the stagnant eta the conventional techniques are 
not limited by such an item .B-363 


Generalized Turbulent Flow Data: 


Laminar flow requires six times as much air volume as turbulent 
air for equivalent cooling. The heat transfer coefficient is 

ten to one hundred times greater for turbulent flow than for 
laminar flow. This amounts to an eight to one gain in efficiency 
when the compressor losses are included. 


For a given pressure difference or flow of air, the dimensions for 
a duct to produce turbulent flow may be calculated to provide op- 
timum heat transfer characteristics. 


A laboratory test model was designed to remove 300 watts from a 
magnetron with turbulent air cooling? A solid brass block was 
drilled with seven holes for the insertion of elements to sim- 
late the magnetron heat dissipation. A heat exchanger core of 
copper tubing about .125 inches square was soldered around the 
brass block and connected to a fitting the size of a ten centimeter 
wave guide. Turbulent forced air reduced the block temperature 

to 170°C. 


& second lab test configuration demonstrated the simulation of 
an air to air heat exchanger for a ground based equipment which 
was to operate unattended for a month in a salt water spray and 
a, sand atmosphere .29 The exchanger core was constructed of 
rectangular ducts about 1. x .25 in. soldered together along the 
one inch surface to form a duct about § inches wide. The warmed 
and cooled air was circulated through alternate ducts in oppo- 
site directions. These ducts were in comtact with each other for 
a distance of about four feet until the ducts were reduced by a 
throat to approximately 1 x 3 inches. The test blower motors 
consumec approximately 220 watts. 


It is claimed that the thermal efficiency of this heat exchanger 
was almost 100%; that is, the air leaving the heat exchanger was 
within Jess than one degree of the operating temperature of the 
equipment.25 The heat transfer coefficient is claimed to be ten 
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times greater than that obtained with laminar flow. The energy 
expended by the motors powering the blowers was not mentioned. 


A turbulent air heat exchanger plate designed to dissipate 100 
watts operated at 35°C. above ambient with a differential air 
pressure of 10 pounds gage 22> An aluminum model of improved 
performance which will operate at 27°C. above ambient for 100 
watts of cooling has been demonstrated. 


LIQUID COOLANT SYSTEMS 


The state of the art of liquid cooling has been found to be well 
advanced in special types of electronic equipment. With currently 
available piping, pumps, and heat exchangers, etc. it has been 
possible to construct usable auxiliary equipment. Piping has pro- 
vided a convenient means of transporting heat from electronic equip- 
ment to the ultimte sink. It has a small volume, relatively light 
weight, and is capable of conducting large quantities of heat. 


liquid cooling can be separated into two categories, direct and in- 
direct systems. Direct systems are those wherein the coolant is in 
direct comtact with the electronic parts. Indirect systems are 

those wherein the coolant is not in contact with the electronic parts. 


For direct systems, careful selection of a coolant compatible with the 
immersed electronic parts has been necessary to reduce the deleterious 
effects of decomposition, corrosion, and electrolysis. The coolant 
requirements for indirect systems were not as critical because it is 
only necessary that the coolant be compatible at the operating temper- 
atures with the heat exchangers and piping. 


1. Direct Liquid Cooling Systems 


a. Simple Systems 


With power densities of 0.5 watts per square inch of cooling 
surface or less, it has generally been found satisfactory to 
immerse the electronic parts directly in a coolant, for in- 
stance, silicone oil, and seal the package. Thus, the primary 
heat transfer from the components to the coolant was ac- 
complished directly. The heat transferred to the liquid was 
transported to the surface of the case by natural convection 
and reached the ultimate sink by conduction through the case 
(See Fig. 2). 


b. Direct Systems in More Complex Form 
For power densities exceeding 0.5 watts per square inch of 
cooling surface, additional equipment has been required. A 


circulating pump was usually necessary to remove the heat 
carrying liquid from the electronic equipment compartment 
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to a heat exchanger, for heat rejection to: the ultimate sink. 
A return line from the exchanger to the electronic compartment 
formed a completely closed continuous circuit. 


2. Indirect Liquid Cooling Systems 


In indirect systems, the coolant usually circulated through a wall 
panel or jacket heat exchanger enclosing the electronic parts to 

be cooled. Natural radiation, conduction, convection or forced air 
were relied upon as the primary means of moving the heat from the 
electronic parts to the internal heat exchanger where it was trans~ 
ferred to the coolant. The heated liquid was pumped to an external 
heat exchanger for heat transfer to the ultimate sink, and sub- 
sequently returned to the internal heat exchanger by a pump in the 
return line. 


Desirable Coolant Liquid Characteristics 


It has been found necessary, when selecting a liquid coolant for 
and indirect system, to consider the change in the thermal and 
physical characteristics of the liquid over the entire operating 
temperature range as well as its compatibility with the metals 
and materials of the heat exchangers, piping, and pumps, with 
which it comes in contact. 


For direct liquid cooling systems additional properties including 

the compatibility with clectronic equipment and parts, the dielectric 
constant, the power factor, the viscosity, the vaporization temper- 
ature, the flash point, toxicity, and the coolant life mst be 
evaluated. 


ae Silicone Fluids 


Silicone oils have been used successfully as liquid coolants 
for both direct and indirect cooling applications. These 
fluids have been found to exhibit satisfactory thermal and 
electrical characteristics. High temperature operation is 
excellent and is limited only by the cracking temperature of 
the fluid. 


Properties of two representative silicones that are in general 
use are presented: 
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Characteristics DC~200 DC~S50 


Dissipation Factor at 1. M.C. 0003 0003 

Dielectric Constant at 1. M.C. 2.78 2.20 

Pour point -65.,0°C. -5020° C. 

Specific Heat Cal/gram 3h 

Flash point (min.) 163.09C, 316.0°C. 

Boiling Point (1 Atm.) 200.0°C. 

Thermal Conductivity -000236 to .000338 gran 
calories/sec/cme/Co 

Thermal Expansion Parts/°C 1.598 x 1073 


Temperature differentials of from 5 to 10 degrees C. have been 
obtained in silicone fluids utilized in direct cooling systems. 
If the liquid is agitated, the temperature differential may be 
maintained within 2 or 3 degrees C. Containers of silicone oil 
are usually hermetically sealed in applications not requiring 
an external heat exchanger or agitator. 


In equipnent mounted so that it will always remain in the sane 
position. it has not been necessary to include a hermetic seal 
on the silicone filled container, provided the boiling point of 
the silicone fluid is not exceeded. The coefficient of expansion 
of the silicone fluid in sealed wits mmst be considered. Exnan- 
sion of silicones fluid has been compensated for by metal bellavs 
and silicone rubber diaphragms .20 


Freon 


Freons have not heen utilized as liquid coolants because of the 
high operating pressures at coolant temperatures of the order of 
100°C, 


Petroleum Oils 


Power frequency reactors and switch gear for public utility and 
industrial service have, for many years, used direct liquid cool- 
ing. Petroleum base oils normally furnish satisfactory cooling 
for such equipment. Power transformers of large capacity 
generaily are provided with oil circulating pumps and heat ex- 
changers to transfer the heat to the ultimte sink. The heat 

is removed s‘rom the exchangers by forced ventilation cr water 
cooling « 


Petroleum base oils ("Nujol" minerel oil) have found application 
in direct liquid cooling of electronic equipment with hot spot 
temperatures of the order of 175°C. The oil oxidizes readily and 
it must be changed frequently. Mineral oil losses at high fre- 
quencies are lower than those of silicone oi1; however, mineral 
oil cracks and oxidizes at lower temperatures than silicone oil. 
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The following are the pertinent characteristics of acceptable 
unused transformer oil (type 10C): 


Specific gravity at 15,5°C. 2898 
Flash point 132°C. 
Fire point 149°C. 
Saybolt viscosity at l0°C. 57 sec. 
Dielectric strength Volts/mil 300 
for .l in specimen 
Pour point 5 69°C. 
Dielectric constant at 1. H.C. 2.22 


The hermetic sealing techniques in use include preheating of 

the electronic assembly and the coolant fluid to the maximum 
anticipated temperature and solder sealing the completely 
filled container at this temperature. When the liquid cools, 

a vacuum-like space of volatile products remains in the con- 
tainer to permit thermal expansion of the fluide At room 
temperature and at one atmosphere, the sides of the cases are 
frequently concave due to the pressure differential. Packages 
with provisions for an expansion of coolant liquid may be filled 
without preheating. 


4. Examples of Liquid Coolants in Use 
a. Closed Systems 


During the development of a miniaturization program, it was 
concluded that natural means of cooling were not adequate for 
the power densities encountered.lS An existing electronic 
equipment was miniaturized into a design that required forced 
liquid cooling. The engineering model of the unit consisted of 
two subassemblies wherein the electronic parts were completely 
immersed in the coolant and three subassemblies wherein the 
coolant circulated through the case wails. 


The electronic connections, as well as fluid coolant connections, 
were provided with plug-in couplings at each of the subassemblies. 
The complete assembly initially used Freon 113 as the coolant and 
operated at a temperature of 130°C. and a pressure of 50 psig. 
Because of the high operating pressures, the Freon 113 was later 
replaced with DC-200 silicone fluid. This equipment dissipated 
250 watts and required an external pump and heat exchanger for 
heat removal to the ultimate sink. 


The original engineering model of the miniaturized mit is being 
redesigned for production.8 It is planned to have the modulator 
and oscillator hermetically sealed and immersed in DC=-200 sili- 
cone fluid and to depend upon natural convection. in the silicone 
for cooling. Thus, the need for an external heat exchanger and 
coolant pump is eliminated. 
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An amplifier in current production dissipates 0 watts in a 
package 2.37 x 2.62 x .O inches filled with DC-200, 50 centi- 
stokes silicone fluid. This device was designed to dissipate 
approximately 0.5 watts per square inch of surface area with 
an internal temperature rise of about 50°C. above ambient.27 


An R.F. transmitter, which operates in the "S' band, was 

designed to operate in Nujol.20 This transmitter was packaged 

in a 9 inch cube and dissipates about 300 watts. A silicone 

rubber diaphragm was used to compensate for the expansion of 

the mineral oil. The outside of the oil filled case operated 

at 150 C. and some of the hot spots on the case reached 175°C. 

A blower in the equipment cooled the outside of the case. The 

cavity size was reduced during this development for immersed 

use in the mineral oil. The Nujol mineral oil must be changed ZX» 
after every 400 hours of operation to remove the carbon particles : 
formed by oxidation. This equipment has been in service for a 

year and to date no failures have been reported due to the mineral 

oil. Silicone oil, because of its dielectric losses at high 

frequencies, was not considered satisfactory for this application. 


An 8 kw cooling mit weighing 125 pounds has been developed.28 
DC-500 is used as the coolant liquid in conjunction with a liquid- 
to-air heat exchanger for cooling. In prototype test, its per- 
formance at altitude was not satisfactory. 


b. Expendable Coolant Systems 


Telemetering equipment packaged in a case about 18 inches in 
diameter and 36 inches long is being miniaturized.19 The problem 
is to package 200 to 350 tubes, that dissipate in the neighbor- 
hood of 1000 watts, in a metal disc 18" in diameter and 3.5! 
thick. It is planned to provide a copper cooling tube in a flat 
spiral, sandwiched between two alumnuwn blocks containing the 
tubes. The copper tube will contain 80 cubic inches of water, 
circulating at a gallon per minute, with an inlet temperature of 
),0°C, or less and a 7°C. difference between inlet and outlet 
temperatures. A continuous flow of water is to be supplied from 
an external source during ‘test operations. 


5. Miscellaneous Data 


Silicone fluid has contributed to the wearing action of certain 
combinations of metals. Teflon seals were recommended by a pump 
manufacturer but failed during testing. A standard type pump was 
substituted and satisfactory results were obtained. 28 


Teflon feels slippery to the touch but is not self-lubricated. 


Teflon bearings mst be provided with lubrication. If operated 
dry, heat due to friction will soften Teflon and cause a pump 
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bearing or seal to leak, Teflon seals can withstand corrosive 
liquids for short periods when most other materials used for 
pump gaskets or seals disintegrate almost immediately. 


Thermik spined tubing has found application in liquid to air heat 
exchangers. It provides a favorable ratio of cooling surface area 
to volume. 


Thermal ratings of liquid cooled resistors are discussed in Section 
ITI-B-7, "Thermal Derating of Electronic Parts", 


E. VAPORIZATION COOLING 


i. General 


ino 


In vaporization cooling systems, heat is removed from the electronic 
equipment by the vaporization of the coolant from the fluid state 
into the vapor state and the absorption of the latent heat of vapor- 
ization of the coolant. It has been found that even though vapor- 
ization cooling is not in general use, it appears to be the most 
efficient method of cooling electronic equipment of high power den- 
sities as well as the only practical cooling method for many high- 
altitude and non-atmospheric applications where other types of 
cooling are not feasible. 


Direct evaporative cooling can be more effective in removing the 
heat generated by electronic parts than direct air or liquid cool-~ 
ing. The heat can be removed at the rate at which it is generated 
since the cooling fluid can be supplied as it is required. 


Vaporization cooling can be classified into two categories: direct 
and indirect systems. A direct system can be defined as one in 
which the refrigerant comes in direct contact with the electronic 
parts. An indirect system is one in which one refrigerant does 
not come in contact with the electronic parts. 


In a direct vaporization cooling system it is necessary that the 
electronic equipment be installed in a hermetically sealed package. 
The operating temperature of the package is determined by the vapor 
pressure of the coolant. The vapor pressure may be controlled by 
a constant pressure valve installed in each subassembly or in sub- 
assemblies with individual pumps. This valve can regulate the flow 
rate of the pump to maintain a constant pressure and refrigerant 
operating temperature (See Fig. 3). 


In applications utilizing the direct system, the coolant liquid must 
be carefully selected so that it will be compatible with the electro- 
nic parts, have a low power factor and a constant dielectric strength 
to reduce the possibilities of current leakage, voltage breakdown, 
corona and associated power losses. Freon-11 and Freon-113 are 
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typical coolants utilized in direct evaporative cooling systems. 
he Freons are of low toxicity, practically odorless and because 
of their comparatively high boiling points are adaptable to simple 
equipment servicing procedure. Some of the characteristics of the 
Freons are listed below: 


Freon—11 Freon-113 
Dielectric strength (vapor) 3.0 2.6 
Boiling point (1 atm.) 23.7°C. 475°C, 
Freezing point =111,1°C. -35.0°C. 
Latent heat of vaporization 84.0 BT /lb. 70.62 BIU/1b. 


At present, Freon-113 is the most comuonly utilized evaporative 
coolant for the immersion of electronic components. It is con=- 
venient to handle at room temperatures when servicing the equipment 
and at any given temperature its vapor pressure is less than Freon- 
ll. However, Freon-1l is more suitable for operation at extremely 
low temperatures. 


Indirect Systems 


A wider selection of liquid coolants is possible in an indirect 
vaporization system because the coolant does not come in direct 
contact with the electronic parts. This permits the selection 
of the coolant to be based on the desired thermal characteristics. 


In an indirect vaporization cooling system the electronic equip- 
mont may be cooled by any of several means. The primary coolant 
may be forced air or forced liquid. The refrigerant (secondary 
coolant) can be circulated directly through a cold wall or jacket 
provided in the equipment. The primary coolant removes heat from 
the electronic equipment and sebsequently transfers it to the 
vaporization system secondary coolant by means of an air-to-liquid 
or liquid~to-liquid heat exchanger (See Fig. ). 


The following coolants have been suggested as suitable for vapor- 
ization cooling in an indirect system: (also listed are their 
latent heats) acetone-2),2BTU/1b., methyl alcohol-l\95 BIU/1b., 
carbon tetrachloride 97 BIU/lb., ethyl alcohol 389 BIU and water 
1039 B U/b 8-407 


The change of conditions during the evaporative process of an 
aqueous ammonia solution and of a methanol-water mixture have been 
calculated. B-40e 

Expendable or Open-Cycle System 

In the simplest vaporization cooling system the refrigerant is in 


a closed container from which the vapor is expended through a valve 
to the atmosphere. This type of system has a short operating period, 


35 


the length of which is determined by the rate of heat production 
in the equipment, the latent heat of vaporization of the coolant, 
and the quantity of coolant available. 


fn an expendable evaporative cooling system the operating temper- 
ature of the electronic equipment is determined by the pressure 

of the vapor inside of the closed electronic package. This 
pressure is usually held constant by a valve which is insensitive 
both to external temperature and pressure. A special valve, which 
meets the gst sa ana above, has been developed for this specific 
application. 5-409 


A primary advantage of expendable evaporative cooling is that an 
ultimate sink is inherently provided. 


Continuous or Non-Expendable Systems 


In the continuous or non~expendable system, a condensing heat ex~ 
Changer is required to remove the heat and return the refrigerant 
from its vapor~state to its liquid state so that it may be re— 
circulated through the closed system. If electronic equipment is 
required to operate longer than an hour at a time, a continuous 
or Closed system is usually necessary (See Fig, ive 


Several organizations have developed closed systems, but there are 
none that are know to be in continuou operation. 


The use of Freon as the evaporative coolant leads to a pump lubri- 
cation problem. In a domestic refrigeration system the refrigerant 
is normally used as a vehicle for the compressor lubricating oil. 
Since Freon-113 is a solvent for oil and has a drying effect on 
pump bearings, it has been necessary to operate vane and re~ 
ciprocating type pumps for direct evaporative cooling systems with- 
out Jubrication. Jn such systems the pump must also be capable of 
pumping vapor as well as liquid, The continuous indirect systems 
do not experience as many pump difficulties. Also, the selection 
of a different coolant may alleviate many of the pump problems. 


A small. axial flow turbine type pump packaged as a single unit is 
under development and should prove useful for application in con- 
tinuous systems 24 


Spray Cooling 
Spray cooling is a direct vaporization system in which the re- 
frigerant is sprayed over the electronic parts. This reduces the 


quantity of refrigerant and decreases the overall weight of the 
equipment (See Fig. 5). 
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Evaporation spray-cooling tests with Freon-113 have been conducted 
on an RCA 5763 tube for a wide range of flow rates at saturation 
temperatures of 150, 200, and 250°F. The minimum Freon flow rates 
required to reproduce free convection surface temperatures on the 
tube were not only extremely low (of the order of fe pound 
per hour), but almost independent of temperature 5-402 


Similar investigations have been made utilizing Freon-11. The test. 
results were very similar to those obtained with Freon-113 except 
that the flow rates required to reproduce the same tube temperatures 
were much lower using Freon-ll. This is understandable since Freon~ 
11 has a higher latent heat of vaporization.B=02 


Spray cooling tests conducted using Freon-1l on the KS-9117 trans— 
former permitted the reactor to be operated at 100% overload before 
it reached its normal surface operating temperature. 


Comparative thermal tests were performed on a 30 watt, 5 ohm 
resistor. The temperature rise at 107 watts input under spray 
cooling with Freon-1l was the same as that for 30 watts dissipation 
with free air convection. The increase in resistor capacity was 
260% ,B-L03 


Examples of Vaporization Cooling in Use 


An existing electronic equipment which has been miniaturized incor- 
porates both direct ang indirect vaporization cooling in various 
sections of the unit.l5 Since the modulator, oscillator and power 
supply dissipated the greatest power they were completely immersed 
in the refrigerant. In the indirectly cooled portion of the first 
model, the refrigerant was passed through jackets to which the 
tubes andelectronic parts were mounted. The first model used 
Freon-113 as the coolant operating at a temperature of 130°C., a 
pressure of 8 pounds gage, and required the use of an external 
pump and heat exchanger. In order to reduce the pressure, it was 
found preferable to utilize Dow Corning DC-200 silicone fluid and 
convert from vaporization to liquid cooling. DC~200 has an equi- 
valent dielectric constant and a vapor pressure of only 3 mlli- 
meters of mercury at 100°C. 


The above equipment is unique in that the components are grouped 
into a chassis consisting of seven subassemblies, Each sub- 
assembly is replaceable, as a unit, by the removal of four screws. 
It was designed so that each subassembly could be removed from 

the chassis, simltaneously disconnecting the electrical connections 
and the liquid coolant connections. Since the liquid coolant connec- 
tions were gasketed, the simple operation of placing the subassembly 
in position and the tightening of the four mounting screws restored 
both the electrical and the liquid coolant connections. This per- 
mitted the removal of a defective subassembly in about a minute and 
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its replacement within another mimute or trio. Since Freon~113 
evaporates rapidly, the subassemblies can be individually serviced 
almost immediately. 


Complete electronic equipments which will use evaporative cooling 
are under development. 23 Investigations of mixtures of ammonia, 
water, and alcohol in combination with other methods of heat re- 
moval are in progress. 


Condor Coolers 


The Condor Cooler is aumsual heat transfer device manufactured by 
Condor Radio Manufacturing Company of Prescott, Arizona. It con- 
sists of a length of copper tubing partly filled with a volatile 
liquid and sealed. The lower end is soldered, bolted or clamped 
to the part to be cooled, and the upper end to the skin of the 
equipment or some other heat sink. The liquid in the lower end 
boils, absorbing heat of vaporization. The vapor carries this 
latent heat to a cooler part of the tube and releases it by con- 
densation. The cycle is completed by the liquid moving dow in- 
side the tube (See Fig. 6). 


It is claimed that the conductivity of this device is equivalent 
to a copper bar of equal diameter and 1.5 inches long. The large 
thermal conductivity permits utilization of plastic embedment in 
miniaturized equipments of high power density. 


A typical cooler is .25 inches in diameter, to 6 inches long; and 
is rated to transfer 10 watts with a temperature gradient of 25°C. 


The primary disadvantages of this device are that it must be mounted 
vertically or nearly so and is sensitive to acceleration parallel 
to its larger dimension. 


Vaporization Cooling Notes 


With vaporization cooling a constant operating temperature, con- 
trollable by simple pressure regulation, is maintained over a wide 
range of altitude and ambient temperature. 


The dielectric strength of the vapor can be many times that of air 
at one atmosphere. If the equipment is sealed under constant pres— 
sure, the dielectric strength remains constant regardless of the 
altitude of operation. 


Since an ultimate sink is not required, open vaporization cooling 
systems are operable at almost any altitude. 


The prospective altitude operational limit for closed liquid and 


vaporization cooling systems has been extended to any conceivable 
altitude dependent only upon the heat transfer capacity of the 
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external heat exchanger at that respective altitude and the ability 
of the pressure sealed case to withstand the differential pres- 
sure .B-1,09 


F. METHODS OF COOLING VACUUM TUBES 
i. General Informtion 


in recent years considerable study and experimentation has been di-~ 
rected toward the determination of means of cooling vacuum tubes 

to increase tube life and obtain improved electronic equipment 
reliability. It has been found that a combination of cooling tech 
niques is necessary to achieve satisfactory vacuum tube cooling. 

fin efficient means of removing heat from vacuum tube envelopes 
remains to be determined. Many of the new tubes in the 5500, RIMA, 
and JETEC series have been assigned temperature ratings by their 
uanufacturers so that life and reliability expectancies can be 
estimated. The vacuum tubes have been recognized to be the most 
short-lived and temperature sensitive parts utilized in electronic 
equipment. The life of vacuum tubes, at elevated temperatures, has 
been investigated and found to be an inverse non-linear function of 
the bulb temperature above approximately 150°C. It is possible for 
an improperly cooled subminiature tube to achieve temperatures in 
excess of 250°C, Overheating of vacuum tubes has resulted in 
decreased cathode emission, the release of gas from the electroues, 
grid emission and electrolysis of the leads at the glass envelore. 
Any one of the above can lead to failure and poor reliability. 


A study has been nade of the "Tube Lite vs. Temperature and 
Mechanical Failure" to assist in the development of more reliable 
leng life tubes.51 Curves of the rate of failure,for various 
reasons, at 300°C. and 175°C. ambient temperatures have been pub- 
lished. At 300C. ambient, the rate of failure decreased up to 
1000 hours of life and then remained relatively constant. wile 
at 175°C. ambient the rate of failure decreased up to 1009 hours 
anc then the failures, due to deteriorations of performance 
characteristics, increased at an extremely high rate. 


& large thermal gradient usually exists on the envelope ef a sub- 
miniature tube in free air. Some of the power dissipated by t-he 
anode is transferred te the glass envelope by radiation from the 
anode. Tne remainder of the sower dissipated by the anoce and the 
try the other tube elements is conducted along che 

metal Leacs inte the vase of the envelope. This results in a hot 
spot at the wase af uhe tube at the seals, which are unfortunately 
lass abla to witastand nich temperatures than the other parts of 
the envelope « 
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2+ Conduction Cooling of. Vacuum Tubes 


The majority of current miniaturized electronic equipments utilize 
conduction cooling of subminiature tubes. Many configurations 
have been ceveloped to provide the required heat removal. All are 
related to increasing the thermal conductivity between the tube 
envelopes and the thormal sink. 


There are two basic methods by which the conduction cooling of sub- 
miniature tubes has been increased, The use of heavy electrical 
conductors to the tube terminals, with the connections located as 
close to the tube as practical, has resulted in improved thermal 
conduction through the tube peace and a reduction of the possi- 
bilities of electrolysis.°-385 Tight fitting shields, with addi- 
tional hardware forming a low impedance thermal path between the 
shield and the chassis have provided satisfactory cooling. A 
shield design with good thermal conduction in several directions 
has been recommended for subminiature tubes in which the flexible 
leads constitute a non-rigid socket, ana the tube shield provides 
the rigid support .B-385 


It has been found that the tube clamps, sockets and shields serve 
to drain away, through con@uction, a portion of the heat which in 
well designed mountings can easily exceed that carried away by 
convection plus radiation. Many organizations consider a firm 
metallic cormection to the envelope by a thermally grounded spring 
clamp or foil wrap~around shield to be the best means of ensuring 
control of subminiature tube temperatures. Fuse-type clips have 
been used for this purpose. Shields have also been fabricated 
from metal foil, wire mesh, and spring materials, Metals of high 
thermal conductivity are considered preferable. It has been 
recommended that the clamp or wrap should contact the glass over 
as large an area as possible, and extend entirely to the base of 
the tube.21 While a fuse clip having a relatively small area of 
clamping will reduce tube temperatures 20°C., a thermally grounded 
wrap will achieve a reduction of 50°C. or more for the same tube. 
Choice of spring materials has been tent limited by their strength 
at the temperatures under consideration. 


Tube shields have been effective for cooling only when in thermal 
contact with a heat carrier extending to cooler metal in the equip- 
ment. When this was not possible, a mounting plate designed to 
serve as a radiator was used. 


Ssubmiiniature tube shields are considered, by most users, to be in 
need of thermal improvement. Frequently, a large thermal gradient 
has been observed between the tube envelope and the shield. The 
irregular and sometimes eccentric envelope surfaces of subminiature 
tubes do not permit a large contact area between the envelope and 
the shield. Several unique shields have been designed to increase 
this area of contact and decrease the thermal gradient. 


43 


A. special shield, threaded at the lower end for chassis mounting. 

has been develeped. This shield was fabricated of aluminum tubing 
and sletted at the upper end. ‘The inside surface was coated with 
lacquer and black rayon flock was blown in toe provide a tight fit 
for the tubes. It is claimed that improved conduction cooling was 
obtained.( (See Fig. 7.) 


inother special shield, recently produced, is fabricated of berylliun 

copper and slotted perpendicular to the major axis of the sub- 

miniature tube. This slotting allows the sections of the shield to 

accommodate variations of the envelope and increases the area of 

contact between the shiold and the envelope. A modified version of 

this shield with clips at one and to grip the press base type sub- 

miniature tube was also developed. Thermal gradients of from 

10° to 30°C. lower than those obtained with conventional shields te | 
were achieved.’ (See Fig. 8.) vod 


When extremely effective conduction cooling is applied to a tube 
so that the envelope temperature is reduced below its nominal value 
for operation at room temperature, it is not edvisable to increase 
the internal electrical onseipe tage appreciably above the room 
temperature published values. 3 


A typical subminiature tube, rated at 2.5 watts but normally 

operated at 2.1 watts dissipation, was used as a standard for 

thermal evaluations by one organization.31 When operated standing 

in free air with an ambient and a mean rediant temperature of 25°C., 
the envelope attained an average temperature of 111°C. When a 1.9 

in. long by 1.12 in. dia. cylindrical aluminum case surrounding the 
tube was replaced by a perforated aluminum case with openings equi- 
valent to 3), percent of its area, the envelope temperature was 

lowered from 169°C, to 127°C, The case temperature, likewise, 

declined 16°C, It was further determined that with a perforated 
aluminum case of the same outline and openings equivalent to 78 

percent of its area, the tube temperuture was reduced another 16°C, 
When the size of a cylindrical enclosure around a subminiature 

vacuum tube was cecreased, the tube temperature was increased. The 
absorption of radiation on the inside of such snclosures has often : 
been substantially improved by roughening and blackening the in 

terior, the improvement in overzll transfer being represented by 
reductions of as much as 15°C, in the envelope temperature of the 

heat source. ~3l 


Many of the thermal difficulties of miniaturization have becone 
acute due to the double enclosure of electronic parts. This has 
been common in conventional construction wherein tubes and other 
heat sources were placed in containers inside of the chassis. 
Por example, the typical 2.1 watt subminiature tube with a shield 
can, placed inside a chassis, leads to a high ambient temperature 
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and an envelope temperature of 265°C. Removing the can lowered the 
tube temperature to 230°C.; removing the chassis reduced the temper- 
ature to 151°C.; and removing both the can and chassis decreased the 
tube temperature to 111°C. The design trend of subminiature equip- 
ment is toward_the elimination of double walls between parts and 
the heat sink.B- 


The standardized miniature tube shield (which is not close fitting) 
has not provided a good thermal contact to the envelope of the tube 
or to the chassis so that this device effectively constituted a 
barrier which raised the envelope temperature. 


The embedding of tubes and entire circuits in plastic materials 

has been found to have some very desirable features which commend = 
its use with filament type and other low wattage tubes, despite the 'y 
limitation of heat conductivity which excludes many subminiatures = 
from this treatment .33 


The practicality of embedding other than filamentary types was 
ascertained only by experimental casting and comparison of operat-— 
ing temperatures with recommended tube temperature values, 
Frequently a desirable design was achieved by potting all circuit 
elements except tubes, thus obtaining the advantages of the potted 
assembly with a minimum of experimental work on temperature 
problems .33 


Small circuit assemblies have been thermaily isolated by glass wool 
packing. The temperature of a subminiature tube, so treated, rises 
rapidly and the tube is ultimately destroyed. Heat generated by 
subassemblies of low power density has been removed through a small 
copper rod of several inches in length and later dissipated in a 
radiator attached to the rod. Theoretically, a .125 inch diameter 
copper rod can carry 2.1 watts for 1.5 inches with a 28°C. temper- 
ature gradient. 


Soldered and welded junctions generally constitute a much greater 
discontinuity in therm} circuits than might be expected from casual 
electrical analogy .B-3 3 


3. Convection Cooling of Vacuum Tubes 


Convection cooling of vacuum tubes has veen used extensively in 
conventional electronic equipments. However, it has not found many 
applications in miniaturized equipments, especially those utilizing 
subminiature tubes. The general trend of industry is toward 
increased power densities and other means of vacuum tube cooling. 


It is apparent that the most important consideration in the convec-— 


tion cooling of subminiature tubes is related to the mounting of the 
envelope. Mounting position has been shown to produce an appreciable 
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effect on the efficiency of convective cooling, It has been 
necessary to mount tubes in the vertical position in order to 
utilize fully the chimney effect for convection cooling. 

Thermal measurements of a subminiature tube operating free of 

any conducting support, and standing in air of room temperature 
indicated that the tube radiated about 40% of its thermal dissi- 
pation from the bulb and leads, while the remainder was carried 
away by free convection of air. Under these conditions the 
temperature of surrounding objects was found to assume considerable 
importance. 


It has been shown that tube life is materially shortened if the 
envelope temperature is operated above its rated value for extended 
periods of time. The envelope temmerature ratings provided by 
manufacturers are for standard pressures. Since the density of the 
atmosphere and its cooling capabilities decrease with altitude, it 
has been necessary to decrease the thermal power dissipation of 
tubes that are exposed to other than standard pressure conditions. 


A study of the altitude derating of electron tubes has been completed 
and families of curves for the derating of specific tubes at differ- 
ent altitudes have been prepared.3 Several classified and un- 
classified reports have been published that contain derating data 
pertinent to a few of the tubes in general use. 


4. Radiation Cooling of Vacuum Tubes 


Attempts to improve the radiation from tube envelopes by blackening 
or sandblasting the glass have resulted in higher rather than lower 
temperatures, because these surfaces absorb heat normally radiated 
through the glass, thus increasing the envelope wall temperature .31 


Glass bogins to be a poor transmitter of infrared radiation at a wave 
length of 2.5 microns. It can be shown that for a radiation source 

at 500°C., only 6% of the infrared energy will be below 2 5 ui.crons 
and, therefore, 6% of the infrared energy will be transmitted directly 
through the glass, 94% of the energy will be absorbed by the glass 

and then re-radiated. It has been found by numerous experinents 

that black paint on the inside cf close fitting subminiature tube 
shields does not appreciably assist heat removal. 


5. liquid Cooling of Vacuum Tubes 
High powered transmitting tubes have been water cooled for many 
years. Little is known, however, of the parameters for liquid 


cooling of subminiature tubes. In one instance, the tube life was 
increased considerably by liquid cooling .27 
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Interaction among tubes in a cluster was evaluated with a seven tube 
thermal test model which was liquid and air cooled. For the tube 
spacing employed, it was shown that the rate of heat dissipation 
from each tube was principally dependent on the air temperature in 
its immediate vicinity and was not noticeably affected by surround- 
ing components and their temperatures. The change in chamber heights 
between 4 and 2.75 inches caused increases in the required temper- 
ature differences between tube surfaces and chamber walls of the 
order of 20% 2h 


The temperature differential of the chamber filled with silicone 
fluid was one-fifth of that of the air filled chamber. With equal 
tube temperatures, the chamber wall temperature for air opposes 
O°F,, while that for the silicone fluid approached oo°r ,2 


Silicone grease or jelly has been used to assist heat :emoval when 
subminiature tubes were mounted in drilled metal blocks. 


Dissipations of from 1300 to 6500 watts per sqein. (200 to 1000 watts 
per sq.cm.) have been obtained with water cooled anodes of high power 
tubese The lower value is most commonly used.t@ The flow rate and 
water temperature for each water cooled tube type have been determined 
experimentally by its manufacturer. 
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Forced Air Cooling of Vacuum Tubes 


Forced air cooled vacuum tubes are commonly utilized in high power 
military electronic equipments. Much cooling information has been 
published by the tube manufacturers. To date, the vacuum tube in- 
dustry has been unable to reduce the design of cooling fins and 
other thermal parts of these tubes into basic parameters. "Cut an 
try" experimental methods have been found to be the most economical 
and practical design techniques. 


Additional information on forced air cooling of vacuum tubes is pre- 
sented in Section IIf-C of this report. 


Miscellaneous Vacuum Tube Cooling Data:1é¢ 


e 


a. When the glass envelope external surface temperature of a vacuum 
tube is 175°C., the envelope internal surface temperature can be 
as great as 00°C. 


» The absolute maximun temperature of copper leads and other 
vacuum tube comectors is 600 to 700°C. 


lo 


co Little is known of the maximum temperatures and basic phenomena 
associated with oxide coated cathodes. Wide performance differ- 
ences exist between controlled laboratory samples. The maximum 
safe emission current for oxide coated cathodes is 0 amps per 
sqecm. or 260 amps per sq.in. 
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ad. Cathodes and gold plated grids can be operated to a maximum 
temperature of 825°C. 


e. Alloy types X, Y1, Yo, and wolfram can be utilized to 1300°C, 
G. ULTIMATE SINKS FOR THE DISSIPATION OF HEAT 


The preceding sections are concerned mainly with the removal of heat 
from the electronic heat sources. This section is related to methods 
of dissipating the heat after it has been removed from the electronic 
equipment. The mode by which the heat is transferred to the sink is 
optional, based upon the design configuration and environment. 
Directly or indirectly, the earth or its atmosphere absorbs the heat 
and becomes the ultimate sink. It is therefore necessary, in any 
heat removal system, that an ultimte sink"connection" of low thermal 
impedance be employed. 


In simple cooling systems utilizing natural or "brute force” methods, 
the heat is usually dissipated directly from the surface of the case 
to the atmosphere. With such systems, heat removal and rejection to 
the surrounding environment is readily accomplished as long as the 
equipments are of low powsr densities and have adequate exposed sur~ 
face areas. 


With equipments of higher power densities of the order of .25 watts 
per square inch or more, heat rejection becomes difficult. It is in 
this field that further investigation is in order. 


The choice of the ultimate sink depends upon the type of equipment 
that is being cooled, the type of environment in which it is operated, 
and the type of sinks of wnlimited capacities that may be available. 


When forced air cooling is utilized, the heated air is usually dissi- 
pated directly to the atmosphere, while a new supply of air is 
obtained from the atmosphere to cool the equipment. 


If the equipment is convenient to a liquid sink, an air to liquid heat 
exchanger may be utilized to remove the heat from the air so that the 
air may be recirculated in the system. 


With liquid cooling systems, the heat may be rejected from the liquid 
to the atmosphere by means of a liquid to a forced air heat exchanger. 
If a liquid sink is available a liquid~to-liquid heat exchanger can be 
used to reject the heat to the sink. 


It is also possible to employ the latent heat of vaporization of a 


liquid as an ultimate sink. In expendable vaporization cooling systems 
the vapor is directly vented as the ultimate sink to the atmosphere. 
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Vaporization cooling can be provided to cool the electronic equipment 
directly or as the ultimate sink for a forced air or liquid cooling 
system. 


In free space beyond the earth's atmosphere, a radiation cycle may be 
employed to dissipate the heat.directly to space. This radiation 
cooling system could employ a liquid cooling system to cool the 
electronic components; the liquid could then be circulated through a 
radiation jacket located on the outside surface of the vehicle. 

Since the efficiency of the radiation cycle is not high, an alternate 
system of greater efficiency could be obtained through the use of an 
expendable evaporative cooling system. It would be necessary to pro- 
vide an adequate supply of coolant for the length of service desired. 


Ohio State University Research Foundation has prepared a technical 
report for the Air Force entitled, "Methods for the Ultimate Dissipa- 
tion of Heat Originating with Airborne Electronic Equipments". 2h & 3378 
This report discusses seven methods of ultimate heat dissipation that 
are applicable to various types of airborne vehicles. The character- 
istic features of each system and the dynamic range over which the 
performance of each system is practicable are outlined. 


The seven basic methods are: 


1. Air cooling by the use of wlowers 

é.« Ram air cooling 

3. Expanded ram air cooling 

lh. Air cooling by flush skin heat exchangers 

5. Heat dissipation to expandable evaporative coolants 
6. Heat dissipation to fuel 

7. deat dissipation by radiation to space 


The first three systems involve air cooling while the last four involve 
liquid cooling. It is apparent that the cooling of high power density 
el.ectronic equipment can best be accomplished at high altitudes by the 
use of a liquid cooling system. 


IV. THERMAL DESIGN METHODS ITN USE 


Ae 


GENERAL DISCUSSION 


It was found during this survey that the "cut-and—try" method was 

the thermal design technique most commonly used by electronic engineers. 
this method can be very expensive if a complex thermal problem is 
encountered. Examples were noted wherein electronic equipment had been 
redesigned and rebuilt as many as five times before the thermal problem 
was solved by "cut-and—try" methods. Several manufacturers of electonic 
equipment have recently added heat transfer specialists to their staffs 
to assist in solving thermal problems. In general, the heat transfer 
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engineers were responsible for the design of special heat exchangers 
and cases for new equipment. A period of adjustment is necessary for 
electronic and heat transfer engineers to become entirely cognizant 
of each others problems. However, when their efforts were coordinated 
during the initial design of an equipment, many potential electrical 
and thermal problems were minimized. At present, it is possible to 
solve few electronic thermal design problems by mathematics. Most 
thermal designs are almost impossible to compute because of lack of 
data and the many unknown variables. Empirical methods have been 
proven to be best with the present limited knowledge. Electrical 
analogues can be used if some information is available relative to 
the temperatures and the thermal characteristics of the materials 
involved. 


ANALYTICAL SOLUTIONS 


Many of the thermal computations necessary for the design of electonic 
equipment are too complicated for a complete analytical solution. If 
an analytical solution is to be attempted, the usual procedure is to 
idealize the geometry and consider the possible mathematical solutions, 


The accuracy of the analytical method depends upon the number of 

assumptions that have to be made to idealize the geometry and simplify 
the physical conditions. The solution may be obtained by mathematical 
description, graphical methods, or by the analogue method. In general, 
the relationships and methods of solution are too complicated to solve 
by direct analytical means. Practical tests have shown that this type 
of problem lends itself well to solution by electrical analogues. 


ELECTRICAL ANALOGY 
The electrical analogy method of investigation of heat flow is based 
on the identity of the equiations governing heat flow and the flow of 


electricity in a resistance-capacity circuit. 


The analogy between thermal and electrical phenomena is known to be: 


Thermal Terms _ Equivalent Electrical Terms 
Temperature difference Voltage 

Rate of heat flow Current 

Thermal conductivity Electrical conductivity 
Thermal capacity Electrical capacity 


In order to use this method, knowledge of temperature and thermal 
properties of the substances through which the heat is to flow is 
required, This requirement may prove difficult, because of the in- 
adequacy of the thermal data and the expense and skill required for 
determining heat capacity coefficients. 
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The study of a thermal problem by means of the analogy method includes 
the following steps: 


1. Establishing the analogous condition (calculation). 

2. Constructing a resistance-capacitance circuit to simulate the 
thermal problem. 

3. Subjecting this circuit to the appropriate analogous initial 
conditions (applying a given voltage at one end of the circuit, 
which is equivalent to exposure to a given temperature; or 
applying a current corresponding to a certain heat flow into a 
body, etc.). 

lh. Measuring the electrical units; voltage and currents at points 
in the circuit analogous to those points at which temperatures 
and heat flow are to be measured in the body being subjected to 
heat flow. 

5. Converting the results of the electrical investigation into heat 
units (calculation). 


This method is simple and accurate since it substitutes electrical 
measurements, which are readily made, for thermal measurements, 
which are difficult, cumbersome, inaccurate, and in many cases 
impossible to obtain. It involves, of course, knowledge of tempera- 
tures.and the thermal properties of the substances through which the 
heat is to flow. 


TECHNIQUES INVESTIGATED NOT CURRENTLY IN USE 
A. ATR COOLING REFRIGERATION CYCLE 


Air cycle refrigeration systems are especially applicable to the 
cooling of electronic equipment in aircraft because of their light 
weight. Air from existing jet engine compressors or ram air may 
be expanded in an intercooler to provide equipment cooling. Some 
of the possible air-cycle ap aerator. systems for the cooling of 
electronic equipment are: 


1. Air turbo-compressor unit for jet propelled aircraft 

2. Air turbine wnit for jet propelled aircraft 

3, Air turbo-compressor unit for reciprocating engine driven 
aircraft 

le Vapor jet compression unit 


It is claimed that these eye hens hold promise for cabin and equip 
ment cooling in aircraft.° 


HILSCH-VORTEX-TUBE 


wo 


The Hilsch tube may, at some time an the futwre, be used as a cool- 
ing device on high speed aircraft. The Hilsch or Vortex Tube con- 
sists of a precision-configured "tee" type chamber into which air 
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is forced tangentially. One tube is connected to each end of the tee. 
The longest of the two has a throttling valve on the opposite end from 
the tee and is known as the hot tube while the shorter tube, which is 
known as the cold tube, is reduced to a claphragm with a small aperture 
near the tee end (See Fig. 9). Compressed air passing tangentially 
into the tee forms a vortex in the tee. The lighter air with less 
thermal energy flows to the center of the vortex and passes through 
the aperture in the center of the cold tube to be discharged out the 
open end of the tube, The denser air with more thermal energy flows 
down the hot tube in a spiral and out through the Aa valve 
which is used to control the operating temperatures.B-159, 160 


The efficiency of the tube is not affected by any particular shape of 
the container and tubes, provided the whole is of rotational symmetry. 
One model in which the tube was of .25 inch copper tubing had a warm 
tube 12 in. long and a cold tube 6 in. long. Optinmm results were 
obtained with the diaphragm as near the nozzle as possible. Since 
the shape of the aperture of the epee does not appear to be sig- 
nificant, a circular opening is used.B~ 


Varying ratios of hot and cold air can be obtained by adjusting the 
throttling valve at the warm air end. The tube is capable of simul- 
taneous temperatures of plus 106°F. and minus 56°F, at "hot" adjust- 
ment, it can produce up to 3500F,. While the Hilsch tube.provides 15 

to 20 times greater cooling than the ordinary laboratory method 
(expansion of gas through a nozzle under the Joule-Thomson principle), 
ithasarefrigerating efficiency of only 20%, compared to 70% for house- 


0% 


hold refrigerators and close to 90% in larger cooling installations .B-161 


A theoretical method of evaluating the temperature Te of the stream 
of cold air flowing in one direction, and the temperature Ty of Be 
hot air flowing in the opposite direction has been determined ,B-1 


The general design of the Hilsch tube is fairly simple but there are 
many variables which control the temperatures of the tubes.B-162 


1. External pressure and temperature of the atmosphere or chamber into 
which the air is discharged. 

2. Tube dimensions: diameters of hot and cold tubes, diameter of 
nozzle, diameter of orifice in diaphragm. 

3. Pressure of air before expansion by the nozzle (nozzle pressure) 
and rate of flow of sir from nozzle. 

4. The mass of cold air through the cold air tube varies with throttle 
pressure and setting. 


Because the Hilsch tube has no moving parts, it is particularly adapted 
to high stagnation temperatures, especially when ceramic materials are 
used. It is probable that the Hilsch tube will maintain its efficiency 
at high pressure ratios. This may make it applicable for the coolirg 
of certain vehicles at very high Mach numbers. The Hilsch tube will 
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probably find application in installations where very small flow 
rates are required, 3-158 


Only about one-third of the air entering the Nilsch tube reaches the 
low temperature level to be available for cooling purposes. Accord- 
ing to Hilsch's tests, the tube lemgth can be chosen at about 250 
times the diameter of tne nozzle. Thus, for additional cooling, 

a tube three inches in diameter would have a length of 14 to 18 feet 
Although there are no test results available of Hilsch tubes with 
dimensions more than 50 times those Hilsch used, it is generally be- 
lieved that no Dagic differences in performance will arise due to 
scale effect.21 


HYDROGEN INERTING 


A survey of available gases indicated that hydrogen would provide an 
excellent thermal environment for more effective cooling of hermetic- 
ally sealed and inerted electronic equipment. Because of its low 
density and favorable heat transfer characteristics, hydrogen is 
considered to be the gas most suitable for this purpose. 


The thermal conductivity of hydrogen is almost seven times that of 
air and the heat transfer coefficient for ventiiating surfaces in 
hydrogen is about 15 times that of air. In an atmosphere of hydro- 
gen, corona has little, if any, effect on insulation because in the 
absense of oxygen fires cannot occur. Mixtures of air and hydro- 
gen containing more than 70% hydrogen are non~explosive. 


Hydrogen cooling has been extensively utilized by the public 
utilities and industry for cooling large rotating electrical 
devices. 


STEAM EJECTOR COOLING 


Steam ej ctor cooling systems have been installed in railroad cars 
to provide air conditioning and refrigeration. A similar system is 
feasible as a means of cooling electronic equipment since the steam 
for its operation could be obtzined as a by-product of vaporization 
cooling of electronic cquipnent. 


The system could consist of a number of closed thermodynamic circuits: 
the cold water circuit, the refrigeration circuit, the air-condensate 
removal circuit and the condenser heat removal circuit. These are so 
inter-related that it is necessary only to supply steam for compression, 
a small amount of water for condensation, and power for air and water 
circulation, to obtain refrigeration. 3 


The functional description of a typical system (Fig. 10) follows: 
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Cold water, circulating through the cooling coils of an air-to-liquid 
heat exchanger receives heat from thé air and flows thence to a 
chamber or evaporator into which it is sprayed. The evaporator is 
evacuated sufficiently to permit the boiling of the water at a temper= 
ature of 40 to SOOF. The evaporation of a portion of the water cools 
the remaining water which is then re-circulated by a pump to further 
cool the heat exchanger. The vacuum, which permits this evaporation, 
is maintained by a steam ejector. 


At the ejector, steam from an independent source is admitted through 
a nozzle to the end of the venturi shaped tube forming the ejector. 
In expanding from its fixed positive pressure to the high vacuun, it 
attains a high velocity which permits it to entrain vapor from the 
evaporator. This vapor enters the ejector near the nozzle. It is 
first accelerated and mixed with the high velocity steam, then duc 
to the shape of the venturi the mixture is compressed, changing its 
velocity energy to pressure. The compressed mixture is delivered to 
a special type of air condenser to be condensed. The function of the 
ejector, similar to that of the mechanical compressor, is to remove 
refrigerant from the evaporator and compress it _so ee it can be 
condensed by releasing heat to the outside air ,B-32 


SUBLIMATION 


Methods of cooling electronic equipment by sublimation of solid ref- 
rigerants have been examined, and found feasible. 


The development of compact light weight methods for feeding the solid 
refrigerant into the sublimation chamber would further increase the 
value of these systems and make packaging simple and effective. One 
method proposed the storage of dry ice (C02) in a tank of methyl 
alcohol. The heat absorbed during sublimation cools the alcohol 
which is circulated by a pump through a heat exchanger and then back 
to the storage tank where it is sprayed over the dry Ace The air 


to be cooled is passed through the heat exchanger ee 


THERMOELECTRIC METHODS 


The possibility of converting thermal energy to electrical energy by 
thermoelectric means and dissipating the energy in an external resist- 
ance has been evaluated. This method cannot be accomplished with 
thermocouples of the available alloys generally used for temperature 
measurements, since the thermoelectric efficiency is less than one 
percent. The size of the thermopile and conductors using available 
alloys in a practical instance would be such that the heat source 
would be directly cooled by metallic conduction. 


A review of the theoretical efficiency calculations indicated that 
higher efficiencies can be attainod with thermoelectric materials 
to which the Wiedemann-Franz-Lorenz relation is applicable, when 
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their thermoelectric power is greater than 200 microvolts/°C. Some 
zinc~anti mony alloys with added metals approach the above conditions 
and have produced an experimental effic. -.cy in excess of 5%. 


Tae eriteria of hich efficiency have been applied to semi~conductors, 
ceriving the optimum concitionse Lead sulfide with excess lead was 
found to be the only suittasle material at present, which in combina- 
tion with the zinc-antimony alloy produces an efficiency of seven 
percent. 


Higher thermoelectric efficiencies can be produced only by develop- 
ing new materials which can attain the theoretically required high 
values of thermoelectric, power, low heat conductivity, and low 
specific resistance 3~10 


LOW MELTING TEMPERATURE MSTALS 


The utilization of low temperature melting metals for conduction cool- 
ing was discussed in Section ITfI-A, of this reporte Further investi- 
gations have not been promising. 


Mostly negative results have been obtained using the new metals 
similar to gallium and indium as heat transfer agents because of 
their oxidation tendencies. 


CHEMICAL METHODS 


1. Endothermic reactions properly controlled provide another means 
for removing heat. Of these, solutions of inorganic salts in 
water appear to be of interest. These reactions feature the 
removal of large quantities of heat and ease of reversibility. 

In the solution of potassium nitrate (KNOQ3) in water approximately 
8.5 kilogram calories per mole dissolved are absorbed. 


The practicability of utilizing endothermic reations for the cool- 
ing of electronic equipment seems renote. 


2. Venable, E,, "Cooling Electrical Apparatus", U.S. Patent 2,354,159. 
This invention proposes to embed the electrical elements of the 
apparatus being cooled, in a solid inorganic substance which pro- 
vides for a good thermal dissipation and a high degree of electrical 
insulation. 


Ordinarily, weterials which have high thermal conductivity likewise 
exhibit good electrical ecnductivity. However, a few crystalline 
mMinergis or salts are exceptions to this general rule. Among these 
minerals are: calcium fluoride (CaFo), sodium chloride (iach) , 
potassium chloride (KCl). sodium fluoride (NaF), and potassium 
fluoride (KF). These minerals have thermal conductivities of 
0.026, 0.0166, 9.0166, 9.025 and 0.016, respectively, in calories 
per second per square centimeter, per centimeter thickness ver 
degree centigrade. The mineral filling is in a good heat transfer 
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relation to the electrical members after solidification. The re- 
crystallized mineral possesses high thermal conductivity to dissi- 
pate the heat with a low thermal gradient between heated members 
and the casing. 


Troy, M.0., "Liquid-Cooled Electronic Apparatus", U.S. Patent 
2,214,865, September 17, 19h0. This invention suggests that a 
transformer or device be immersed in a liquid chlorinated or- 
ganic compound surrounding and insulating said device and a heat 
brake comprising a relatively large body cf inaiscible lighter 
liquid having a higher specific heat superimposed on said chlo- 
rinated compound, said material being volatilized at temperatures 
too low to injure said device. Liquid halogenated compounds are 
chlorinated diphenyl benzene, chlorinated benzotrifluoride, 
chlorinated napthalene, chlorinated phenyl benzoate; sealing 
liquids are Ho0, or monohydric alcohol. 


Semenza, Marco, "A System for the Cooling of Electrical and 
Similar Machinery at Low Temperature”, British Patent Specifi-e 
cation No. 319,707 (September 26, 1928). This patent recommends 
the use of liquified gases similar to air or nitrogen for cool- 
ing electrical machinery at low temperatures. The main claim is 


related to the temperature area of operation: "by using for each gas 


that pressure which will give the lowest possible evaporation 
temperature without reaching the freezing point, this temperature 
being below the normal refrigerating temperature for the gas", 
"There is also a certain pressure at which cquilibriun will be 
obtained between the energy saved and the energy required to 
liquify the necessary gas. Below this value of the pressure the 
economic advantage of the system increases until the pressure is 
reached at which the evaporating point of the liquified gas would 
coincide with its freezing point". It is also claimed the 
temperatures are sufficiently low to produce considerable re- 
duction in ohmic resistance of the conductors. 
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